SSSWG MEETING #22
PRESENTATION MATERIALS

NOVEMBER 28, 1989



TABLE OF CONTENTS

TUESDAY NOVEMBER 28, 1989

LOCATION: JOHNSON SPACE CENTER
BUILDING 30 AUDITORIUM
Houston, Texas

PRESENTATIONS:

Robotic Servicing In The Nuclear Industry Applied To The Needs Of Satellite Servicing And Lunar
And Mars Exploration

Proposed 10-Year National Research, Development, and Dermonstration
Program For Robotics To Support Remote QOperations For Energy System
Applications

20 Year Forecast of NASA Robotics Requirements for Space Exploration
A Generalized Modular Architecture For Robot Structures
Thirty-Year Forecast: The Concept Of A Fifth Generation Of Hobotics-The
Super Robot

Del Tesar/ University of Texas

Challenger Center for Space Science Education
Jane Smith and Lisa Turner/ Challenger Center

Sharing the Dream
Chuck Woolley/ NASA-JSC

Designing Equipment For Remote Handling: Lessons Learned From
Nuclear Technology

Dan Kuban/ Oak Ridge National Laboratory (ORNL)




ROBOTIC SERVICING IN THE NUCLEAR
INDUSTRY APPLIED TO THE NEEDS OF
SATELLITE SERVICING AND LUNAR AND
MARS EXPLORATION

NOVEMBER 28, 1989

DEL TESAR/ UNIVERSITY OF TEXAS



PROPOSED 10-YEAR NATIONAL RESEARCH,
DEVELOPMENT, AND DEMONSTRATION
PROGRAM FOR ROBOTICS
TO SUPPORT REMOTE OPERATIONS
FOR ENERGY SYSTEM APPLICATIONS

by
De!hert Tesar

Carol Cockrell Curran Chair
In Engineering

College of Engineering
THE UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN, TX 78712
512-471-3039

AUGUST 1986



ANNUAL POWER REPLACEMENT AND ORE COSTS PER
PLANT FOR VARIOUS WORK CATEGORIES

IN MATURE LWR PLANTS

WORK CATEGORY COST (MILLION §'S)

Maintenance 24.9

Refueling 16.0

Testing and Inspection 122

Waste Processing 0.68

Surveillance Operations 0.66
TOTAL 54.4

Based On: Power Replacement Cost of $500,000 Per Day;
Ore Costs of $20,000 Per Man-Rem for Plants
of 600 to 700 MW(E).




PERCENT (%)

PERCENT TOTAL UNAVAILABILITY IN MATURE LWR
PLANTS DUE TO FORCED OR REFUELING OQUTAGES

(90 DAYS/YEAR OR 25% UNAVAILABILITY )
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HOURS

OUTAGE TIMES BY SYSTEM COMPONENT

(TOTAL OUTAGE TIMES DUE TO MAINTENANCE,
TESTING, AND INSPECTION)
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EXPOSURE IN MAN - REM

AVERAGE ANNUAL MAN-REM EXPOSURES
FOR KEY PLANT COMPONENTS (1969-1977)
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Reduction of Man-BRem Exposure
Redu’étion in Work Force Size
Increased Quality of Repair Work
Increased Plant Availability

Reduced Service Tool Wear & Tear
Reduced Cost Due to Generic Application

to Broad Range of Tasks




NEAR TERM PROJECTED SAVINGS (1990)

1. By 1990 140 Plants May Be On-Line

2. Projected Q.Q:LQLMﬂmmm Would Be
$2.6 Billion/Year

3. Projected Remote Systems Savings Would Be

4. Maintenance Savings on PWR Steam Generator
and BRW Valve Would Be $690.000.000/Year

5. Annual Investment of $50.000.000 Would

Yield a Benefit-Cost Ratio of 10



OTHER ENERGY RELATED APPLICATIONS FOR
REMOTE SYSTEMS TECHNOLOGY

iy, .

WHY?

to Personnel and Generates an
Economic Benefit - :

1. Accident Missions

2. Coal Mining Operations

3. Qcean Floor Oil and Mineral Operations

4. Remote Operations in Space

5. Artic Exploration and Field Operations

6. Energy Test Facilities (Fusion)

Nuclear Fuel Reprocessing

Maintenance of High Voltage W}.m
Decommissioning of Nuclear Facilities

o & N

10. Operations Following Major Unplanned Events Such as TMI




DEVELOPMENT (

SHUTTLE MANIP
(1975 - 1980)
1. Initial Design $ 5,000,000
2. Engineering Design & Component
Evaluation , $ 35,000,000
3. Qualification of Flight Ready -
Hardware $ 35,000,000
4. Build & Test Delivered Hardware $ 25,000,000
-TOTAL COST $100,000,000



TABLE 5.2 LEVEL OF ROB

OTIC R&D EFFORT

RECOMMENDED FOR EACH SERVICE TASK
WEIGHTING RECOMMENDED LEVEL
SERVICE TASK FACTOR ~ R&DEFFORT
1. Steam Generator 1.0 — 69
| Maintenance -
2. Valve and Pipe 0.8 I -
Replacement E S
3. Component 0.7 — 40
Replacement - '
4. Refueling Service 0.5 R -
5. In-Service 0.3 . 10
Inspection
6. Filter Changing 0.3 [
7. Surveillance 0.2 - 7
8. Underwater 0.2 T 1 1
Operations
9. Waste Handling 0.2 s
10. General Plant 0.2 - 9

Decontamination




1. Basic Research in Robotics In

Universities at $5,000,000/Year

2, in Robotics
Jointly by Universities and Industry
at $5,000,000/Year

3. in Robotics
Jointly by Universities and Industry
at $10,000,000

SUBTOTAL
Il DEVELOPMENT PROGRAM

4. nstructi 1t of
50 Remote Systems at $5,000,000
Each

5. Operating Costs of $500,000/Year
For 100 Operating Years

SUBTOTAL

TOTAL COST OF PROGRAM

$ 50,000,000

$ 50,000,000

$100,000,000

$200,000,000

$250,000,000

$ 50,000,000

$300,000,000

U AN SUY ST AL S T W S W

$500,000,000




RANKING OF ECOI:I)?:MIC SIGNIFICANCE
VARIOUS ENERGY SYSTEM _APPLICATIONS

Near Term Long Term
(0 to 20 years) (20 to 40 years) |

FISSION REACTORS 10 10

OIL PRODUCTION IN OCEAN 5 5
COAL PRODUCTION 3 3
FUEL HANDLING AND 2 2
PROCESSING

FUSION REACTORS : 1 8




CHART I.NEAR AND LONG-TERM RANKING OF VARIOUS ENERGY SYSTEM APPLICATIONS
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Table i

NEAR AND LONG TERM RANKING OF
COMPONENT TECHNOLOGIES FOR
ENERGY SYSTEM ROBOTICS APPLICATIONS

ear term aar Term  Long lerm
Availability Ranking Ranking
(Normalized) (Normalized)

1. Man-Machine 0.25 7.4 10.0
Interface - -

2. Geometry 0.50 10.0 6.8

3. Actuator Modules 0.20 4.0 6.8

4. Prime Movers 0.35 6.4 6.2

5. Intelligent Control 0.15 2.7 6.1

6. End-Effectors 0.15 2.7 6.1

7. Artificial Intelligence  0.10 1.7 6.0

8. Vision 0.10 1.7 5.7

9. Graphics/CAD 0.35 5.9 5.7

10. Sensors 0.30 4.9 5.6

11. Communication 0.15 2.4 5.5
Interfaces :

12. Computer - 0.20 2.7 4.9
Architecture . |

13. Software Modules =~ 0.05 0.7 4.8

14. Dynamics 0.15 1.9 4.4

s$30.cval1/22/89



CHART II1.LONG-TERM RANKING OF COMPONENT TECHNOLOGIES
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TABLE llIA

RECOMMENDED YEARLY FUNDING FOR
COMPONENT TECHNOLOGY DEVELOPMENT
IN THE NEAR AND MIDDLE TERM ($K)

1. Man-Machine 247 500 250
Interface
2. Ge-olﬁetry 333 340 170
3. Actuator Modules 133 340 170
4. Prime Movers - 213 310 155
5. Intelligent Control g0 305 152
6. End-Effectors 90 305 152
7. Artificial Intelligence 57 300 150
8. Vision 57 285 142
9. Graphics’CAD 197 385 142
10. Sensors 163 280 | 140
11. Com-municatioﬁ 80 275 137
Interfaces
12. Computer ,;' L 90 245 122
Architecture | o -
13. Software Modules 23 240 120
14. Dynamics | 63 220 110

B e . s A [ ]

Yearly Average Total 1836 4014 2007

s31.cval1/22/89




- CHART IIA.RECOMMENDED TOTAL 18 YEAR FUNDING FOR ROBOTIC COMPONENT TECHNOLOGIES
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RANKING OF SERVICE TASKS

SERVICE TASK WEIGHTING

FACTOR
1. STEAM GENERATOR MAINTENANCE 1.0
2. VALVE AND PIPE REPLACEMENT 0.8
3. COMPONENT REPLACEMENT 0.7
4. REFUELING SERVICE | 0.5
5. IN-SERVICE INSPECTION 0.3
6. FILTER CHANGING | 0.3
7. SURVEILLANCE 0.2
8. UNDERWATER OPERATIONS 0.2
9. WASTE HANDLING | 0.2

10. GENERAL PLANT DECONTAMINATION 0.2




TABLE 5.1 ESTIMATE OF IMPORTANCE OF ROBOTIC SYSTEM
CHARACTERISTICS FOR NUCLEAR SERVICE TASKS Iil

Service Task ()
Robot Characteristic (i) 1 2 3 4 5§ 6 7 8 9 10
1. Muitiple Task Capability 10 7 10 58 2 2 3 3 3 7
2. Level of Mach. Intelligence 8 4 4 8 85 2 10 5 4 5
3. Time Efficient Operation 10 5 8§ 7 3 2 2 2 2 2
4. Unstructured Task Level 6 8 7 5 2 3 2 8 3 ¢
5. Dexterity 8 8 7 3 8 3 3 8 2 5
6. Portability & Mobility 6 ’10 8 4 5 8 10 10 5 10
7. Precision 8 6 7 4 2 4 1 2 2 2
8. Load Capacity 8 10 5 4 2 4 1 2 3 3
9. Reliability 7 5 5 8 5 6 6 7 3 5
10. Obstacle Avoidance 5 10 7 5 5§ 2 3 9 2 ¢
11. Force Sensing 6 7 5 3 2 2 3 8§ 3 4
12. Smoothness of Operation 5§ 5 5 4 1 2 2 2 3 3
13. Operational Envelope 5 4 4 4 6 3 1 10 3 5
14. Vision 5 5 5 5 2 5 7 6 3 5



TABLE llI

RANKING OF CRITERIA FOR
SYSTEM OPERATION OF ENERGY SYSTEM
ROBOTICS APPLICATIONS

 CHARACTERISTIC NORMALIZED
, RANKING
| |
1.  MULTIPLE TASK CAPABILITY | 10.0
2. PORTABILITY AND MOBILITY 8.5
3. LEVEL OF MACHINE INTELLIGENCE 7.1
4. UNSTRUCTURED TASK LEVEL | 7.0
5. GEOMETRIC DEXTERITY 7.0
6. RELIABILITY 6.8
7. TIME EFFICIENT OPERATION 6.6
8. LOAD CAPACITY 6.2
9. PRECISION 5.9
10. OBSTACLE AVOIDANCE 4.8
11. FORCE SENSING 4.0
12. VISION 3.0
13. OPERATIONAL ENVELOPE 2.5
14. SMOOTHNESS OF OPERATION 2.4

432, cval 1/22/89




Table III

RANKING OF CRITERIA FOR SYSTEM OPERATION OF

ENERGY SYSTEM ROBOTICS APPLICATIONS

Normalized

Characteristic Ranking
l. Multiple Task Capability 10.0
2. Portability and Mobility 8.5
3. Level of Machine Intelligence 7.1
4. Unstructured Task Levael 7.0
5. Geometric Dexterity 7.0
6. Reliability 6.8
7. Time Efficient Operation 6.6
8. Load Capacity 6.2
9. Precision 5.9
10. Obatacle Avoidance 4.8
11, Force Sensing 4.0
12. Vision 3.0
13. Operational Envelope 2.5
14, Smoothness of Operation 2.4



CHART ITI.RANKING OF CRITERIA FOR SYSTEM OPERATION
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Table IXTIA

RECOMMENDED YEARLY FUNDING FOR SYSTEM CAPABILITIES
IN THE NEAR, MIDDLE, AND LONG TERM ($ Thousands)

Level I-R&D Level Il-Advy Devipmt Level IIT =~
Demonstration
Characteristic Near Middle Near Middle Long Middle Long
l. Muleiple Task 100 200 50 125 167 167 250
2. Portability 85 170 42 106 142 142 212
& Mobility :
3. Machine 71 142 35 84 118 118 177
Intelligence
4. Unstructured 70 140 35 g6 116 116 175
Task
5. Geometric 70 140 35 86 116 116 175
Dexterity
6. Relfabilicy 68 136 34 85 114 114 170
7. Time Eff. 66 132 33 82 110 110 165
Operation
8. Load Capacity 62 124 3T 17 103 103 155
9. Precision 59 118 29 78 98 98 148
10. Obstacle 48 96 24 60 80 80 120
Avoidancae
11. Force Sensing 40 80 20 30 62 62 100
12, Vision 30 60 15 37 50 50 75
13. Operational 25 50 i3 31 41 41 62
Envelope
l4. Smoothness of 12 24 12 k1e) &0 40 60
Cperation

Yaarly Avarage
Total Big 15836 &i4 1022 1277 . 1277 2045



CHART 111A.RECOMMENDED TOTAL 18 YEAR FUNDING FOR ROBOTIC SYSTEM
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LIST OF ROBOT PROTOTYPES FO

SYSTEM APPLICATIONS

R ENERGY

Prototype

Description Ranking

. Dual Arm Remotely
Operated Vehicle (ROV)

. HEAVY puUTY
TRANSPORT ROV

- MEDIUM SCALE
MAINTENANCE
ROBOT ARM

. CHERRY PICKER
CONFIGURATION

. SPIDERTYPE ROBOT

- SMALL PLATFORM
MAINTENANCE ROBOT

The most capable of ail systems
for maintenance on unstructured
tasks, mobliity may be provided
by tracks.

Unit capable of transporting other
maintenance systems or modules
and supplies needed to perform
remote operations - may be
equivalent of a lcgged-cilmbtng
system.

Versatile work horse robot for
a wide range of precision oper-
ations (60"). Perhaps made of
modules with up to 12-DOF.

A combination In serias of the
large and medium scale robots

(50 1t and 5 11).

A small light welight waiking-

- climbing robot for surveillance,

Inspection, and Supply of light

_ material.

A small manipulator (15") to work
on delicate assembly operations
transported by the spider robot.

10

7



CHART IV.RANK OF ROBOT PROTOTYPES FOR ENERGY SYSTEM APPLI
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TABLE IVA

RECOMMENDED YEARLY FUNDING FOR

ROBOTIC PROTOTYPE DEMONSTRATION FOR
ENERGY SYSTEM APPLICATIONS ($K)

_Middle
1. Dual Arm ROV 2000
2. Heavy Duty 1400
Transport ROV
3. Medium Scale 1200
Maintenance
Robot Arm
4. Cherry Picker 800

Configuration
5. Spider Type Robot 600

6. Small Platform 400
Maintenace Robot

e ity St

Yearly Average Totals 6400

s33.cval1/22/89
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TABLE V
OVERALL RECOMMENDED YEARLY FUNDING ($K)

Component Level | - R&D Level Il - Adv Devipmt Level lll-Demo

Component 1,836 -~ 4,014 2,007 @ --.
Technologies

System 818 1,636 414 1,022 1,277 1,277 2,045
Technologies :

Prototypes - ~m- .- 6,400 3,200 3,200 9,600

Overall Yearly . ‘
Average Total 2,654 1,636 414 11,436 5,700 4,477 11,645

OVERALL TOTAL 7,962 4,908 1,242 34,308 22,800 13,431 46,580

TEN-YEAR PROGRAM TOTAL $131,231

534 cval1/22/89
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CHART V.OVERALL PLAN TO ESTABLISH ROBOTIC SYSTEMS FOR REHDTE~ENERG¥'OPERQTIGNS

LONG (7-18)

L
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CHART VA.OVERALL LEVEL OF FUNDING FOR 18 YEAR ROBOTIC TECHNOLOGY PROGRAM

LONG (7-18)

v MIDDLE (4-6)
{Adv, Dev,)
NEAR(8-3)
LEVEL III
(Demos )
. L | i L. i
0 16,808 20,000 30,008 40,008  5e,008 oo see

$§ THOUSANDS
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EXECUTIVE SUMMARY

PROPOSED RESEARCH, DEVELOPMENT AND
DEMONSTRATION PROGRAM

Analysis Format

The consortium® of four Texas universities was asked to make a rough estimate of
the requirements to support an RDD program .

R - Research
D - Development
D - Demonstration

before deployment associated with Lunar and Mars exploration and expected surface
facilities development. The goal was to rank 4 categories numerically:

Parametric Requirements
Prototypes (suggested)
Component Technologies
Robotic Characteristics.

The ranking was performed by comparing each of these categories to a
representative group of applications which cover a broad range of space operations. Each
application was weighted according to its importance; the categories were then compared to
the application set in a matrix format and ranked from 1 to 10 (10 being the highest
ranking). Each subcategory ranking was then multiplied by the corresponding application
weighting factor. These weighted rankings were added together and normalized to create a
final ranking of each subcategory (from 1 to 10), which gives an indication of the
importance of that subcategory. The funding levels estimated for a category are based on
the ranking of its subcategories.

On this ranking format, a yearly funding plan can be structured for a 20 year

program. The results of this analysis are given in a series of tables and charts for quick
TEVIEW.

Suggested Program Plan

The proposed technology program to establish robotics as an element of the Lunar
and Mars missions would be builtas a combination of university, industry, and
government lab activities. NASA may be able to leverage technology from other programs

*ric team was convened by D, Tesar. Much of the progran: material has been organized by M, Butler, a
M&e praduate student at the inbversity of Texas at Agsiin

e




(such as in NBS, DARPA, DOD logistics, DOD battlefield systems, efc.), to use the

NASA FTS prototype development as a springboard, and to some extent benefit from work
being pursued in industrial robotics. Careful review, however, will lead to the conclusion
that these efforts are either far too small o they are not far-reaching enough. Frequently,
Some component technologies are frozen at levels 10 to 15 years before expected space
flight. The critical issue for NASA is the availability of the total system and the corollary
issue of cost effectiveness.

A fully deployed space exploration system will be of unusual complexity, far
exceeding that of nuclear reactors, which are operational (available) only 67% of the time.
Maintenance, repair, supply, tech mods, ete. for a deployed system will require a system®
of robotic devices capable of performing routine o emergency functions either
autonomously or through teleoperation for enhanced system availability, reliability, safety,
and reduced cost. ‘

The following is a sketch of a rcqiiired technology development program for three
phases at 7, 14, and 20 years into the future, with recommended levels of funding to make

overall NASA Lunar and Mars Systems (i.e., the required database operations, expert
Systems for mission control, and AT for mission decision-making are all outside the
purview of this program),

Overall, the 20 year RDD program will require $1.88 billion with the follbwing
breakdown (see Table 9

Tech Base - 20%
Development - 45%
Demonstration - 35%

Level I:
Tech Base for Component Technologies for Space Robotic Systems

Fourteen component technologies have been identified which adequately represent
the total robot system: o

Man-Machine Interface
End-effectors

Actuator Modules
Sensor Technologies
etc,

" See tisted references at the end of this sxecutive summary.




Their ranking in importance is given in Table 4. The recommended level of funding for
component development on a yearly basis will be proportional to these rankings. The near
term phase will cover years 1-7; the middle term will cover years 8-14. It is unlikely that it
will be necessary to continue tech base development in Level I beyond year 14. The
recommended level of funding in phases I and II is given in Table 6. The 14 year funding
for the tech base is recommended to be $375 million over 14 years.

Level II:
Quality of Operation of System Technologies for Space Operations

Fourteen criteria for system operation:

Multiple Task Capability
Machine Intelligence
Precision

Portability and Mobility
Reliability

efc.

have been used to establish the overall quality of operation. They are given with their
ranking in Table 5. The near, middle, and long term recommended levels of funding are

given in Table 7. The 20 year funding for space robotics development is recommended to
be $839 million.

Level III:
Prototype Development to Meet Specific Applications
: for the Lunar and Mars Missions

Table 3 is an abbreviated list of possible robot prototypes:

Medium Space Platform Robot
Dual Arm ROV Module
Cherry Picker

Large Space Platform Robot
Autonomous Transport Robot
etfc.

that might be developed for the Lunar and Mars missions; a rough ranking of their overali
importance is included. Generally, prototype development should be delayed until the
middle term. However, some early research activity may be warranted for design
purposes. The recommended level of yearly funding is given in Table 8; the last 13 years
of the program associated with prototype development is recornmended to be $664 million.

Summary

Table 10 summarizes the yearly average totals of the program. The total cost of the
20 year program becomes $1.878 billion. Such a program would, of course, put the
United States in the place of having the best future robotic technology in the world and
assure that the Lunar and Mars missions would be able to dramatically improve the
availability of space by establishing its reliability, safety, effectiveness, and value o the
naiion.

[ ——————.
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OVERVIEW OF APPLICATIONS
OF SPACE ROBOTICS FOR THE
LUNAR AND MARS MISSIONS




Why Space Robotics?

1)

Safety of humans in Space: Exposure of
humans to hazardous environments such as
EVA, nuclear and hazardous chemical fuels
handling, and high-radiation zones should
be minimized.

Increased human productivity: Routine
and/or hazardous tasks can be automated,
and crew time-consuming EVA preparation
can be minimized by the use of robots.

Performance of tasks that are

infeasible for humans: Robots can greatly
enhance human capabilities for such tasks
as moving large structures, capturing
spinning satellites, and controlling complex
systems.

Enabling new missions to other planets:
Mobility and manipulation aids for manned
missions and automated systems for
complex unmanned missions, e.g., Mars
rover/sample return, will provide new
capabilities.

From: "Space Technology to Meet Future Needs", Committee on
Advanced Space Technology, Aeronautics and Space
Engineering Board, Commission on Engineering and Technical
Systems, National Research Council, 1987.



Pathfinder Program

program areas {

argeted for improvem
Pathfinder:

Pathfinder
Mission Studies
Surface In-Space Humans in
Exploration Operations Space
Robotic technology is crucial to three of the four

ent by

« Surface Exploration

« Planetary Rover

» Sample Acquisi
+ Autonomous Lander

. In-Space Operations

tion, Analysis, and Preservation

. Autonomous Rendezvous and Docking
+ In-Space Assembly and Construction

» Cryogenic Fuel Depot

» Humans in Space
. Extravehicular Activity/Suit

» Space Human Factors

e




Earth

Freedom

Mars

for Human Exploration of the Solar System

NASA OEXP Case Studies
(FY 1988)

]

1) Human Expedition to Phobos
2) Human Expeditions to Mars
3) Lunar Observatory

4) Lunar Outpost to Early Mars Evolution
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ROBOTIC SPACE APPLICATIONS

Space Operations

1) Assembly of Space Structures

2) Space Station Maintenance and Repair

3) Satellite Servicing and Repair

4) Hazardous Manufacturing and Laboratory
Experiments

5) Maintenance of Robots

Space Exploration

6) Orbital Nodes

7) Phobos Expedition:

8) Mars Expedition |

9) Lunar Outpost/Fuel Production
10) Robotic Solar System Exploration



Robotic Tasks for

Orbital Nodes

L

-

*

In-Space Assembly and Construction
* Cargo and Crew Ships
* Propellant Depots

Cryogenic Fluid Storage/Transfer

Autonomous/Supervised Rendezvous and
Docking

Payload Servicing

Maintenance & Repair

11



Robotic Tasks for

Phobos Expedition

Orbital Node Requirements

Autonomous/Supervised Rendezvous and
Docking

Manned Exploration of Phobos (~ 0 g)
Excursion Vehicle

Anchoring to Surface

Sample Acquisition

Conduction of Experiments (Atmospheric,
Geophysical, etc.)

L] L - -

Robotic Exploration of Mars Surface (~ 1/3 g)
+ Teleoperated Mars Rovers
« Mapping
» Sample Acquisition
- Conduction of Experiments (Atmospheric,
Geophysical, etc.)

Maintenance & Repair of Tranports & Equipment

Cryogenic Fluid Storage/Transfer

12




Robotic Tasks for
Mars Expeditions

+ Orbital Nodé Requirements

* Autonomous/Supervised Rendezvous and

-

Docking

Manned Exploration of Mars Surface (~1/3 g)
* Mars Rovers '
* Surface and Sub-Surface Mapping
* Sample Acquisition, Site Selection
» Conduction of Experiments (Atmospheric,
Geophysical, etc.)

Manned Exploration of Phobos and Deimos (~0 g)
 Excursion Vehicle
* Anchoring to Surface
 Sample Acquisition
* Conduction of Experiments (Atmospheric,
Geophysical, etc.) |

Maintenance & Repair of Tranports & Equipment
Cryogenic Fluid Storage/Transfer

13



Robotic Tasks for _
Lunar Outpost/Fuel Production

- Digging, Transporting, and Processing of Regolith
(Lunar Soil)

« Excavation of Lunar Surface
« Preparation of landing sites
» Foundations for housing, expenmental
structures
+ Cover housing structures with regolith
for protection from radiation

- Exploitation of Lunar Resources

+ Reduction of oxides in soil yields
oxygen for fuel, life support

- Helium-3 for future nuclear fusion
reactors on Earth

« Processing of regolith to create
fiberglass or bricks for lunar
construction

| ]

Assembly and Construction of Lunar Structures
» Housing
« Experimental Equipment
(Optical & Radio Telescopes, Seismographs, Etc.)
» Fuel Production & Power Plants .

Exploration of Lunar Surface (~ 1/6 g)
Manned/Teleoperated Lunar Rovers
Surface and Sub-Surface Mapping

Sample Acquisition, Site Selection
Conduction of Experiments (Atmospheric,
Geophysical, etc.)

. ® L]

Automation Robots
« Automation of Processing Plants
- Maintenance & Repair of Lunar Structures &
Equipment

Cryogenic Fluid Storage/Transfer

14




Robotic Tasks for
Robotic Solar System Exploration

-

»

Possible Orbital Node Requirements
Precursor Missions

* Mars Qbserver
. Lunar Observer

Sample Return Missions

* Mars Rover and Sample Return (MRSR)
« Comet Nucleus Sample Return (CNSR)

Observation Missions

+ Galileo (to Jupiter)

* Magellan (to Venus)

» Comet Rendezvous Asteroid Flyby (CRAF)
* Cassini (to Saturn)

Tasks Include:

* Autonomous Rover

* Autonomous/Supervised Rendezvous and Docking
+ Sample Acquisition

+ Maintenance and Repair

+ Cryogenic Fuel Transfer

15



STATUS OF TECHNOLOGY
FOR
SPACE ROBOTICS
DEVELOPMENT

16




ENVIRONMENT FOR

SPACE ROBOTICS DEVELOPMENT

TECHNOLOGY

1.
2.
3.

Extreme Light Weight Requirement
High Levels of Autonomy

High Level of Human Intervention in Some
Cases

Versatility, Dexterity, Reliability,
Modularity, etc.

17
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V.

ROBOT APPLICATIONS FOR SPACE STATION

ASSEMBLY OF SPACE STRUCTURES

1. Handling of Large Modules

2. Precise Sub-Assembly Tasks
3. Precision Welding and Forming
4. Precision Light Machining

SPACE STATION MAINTENANCE AND REPAIR

1 Continuous Inspection Required
2. 40% of Repairs to Be Unplanned
3. Unstructured Task Environment
4 Precision Under Disturbance

SATELLITE SERVICING AND REPAIR

. 75 Missions / Year

. Unstructured Tasks

.  Some Precision Work Under Disturbance
. Docking Dynamics Critical

1
2
3
4
HAZARDOUS MANUFACTURING AND
LABORATORY EXPERIMENTS

1 Cluttered Environment in Module
2. Clean Room Atmosphere

3. Absolute Stability Desired

4 Furnace Renovation Critical

MAINTENANCE OF ROBOTS

1 Software Adaptability to Change in Parameters
2. Modularity for Maintainability

3. Module Reglacement for Technology Up-Date
4 Duality in Critical Maintenance Operations

18
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ROBOTIC OPERATIONS ASSOCIATED
WITH THE SPACE STATION

LONG TERM IN-DEPTH FUNCTIONS

-

CLEAN ROOM OPERATIONS (Experimental and
ManufacturinEg) -

SELF MEASUREMENT OF LARGE SPACE STATION
DIMENSIONS

- SPACE STATION ASSEMBLY

-

SPACE STATION REPAIR AND MAINTENANCE
ORBITING SATELLITE REPAIR AND MAINTENANCE

COMPLEX DYNAMIC MOTION TASKS

L] L J [ ] * [ ] - -

DOCKING AND GRAPPLING MANEUVERS
REACTIONLESS OPERATIONS
STABILIZATION BY APPENDAGE MOTION
RIGIDIZATION

CATCHING AND STORING SPACE DEBRIS
THROWING AND JUMPIING

DUAL ROBOT OPERATIONS

UNIT PROCESSES FOR PACE STATION OPERATION

.

L

*

L

*

OPERATE SIMPLE MECHANISMS |
latches, cranks, slides, handles

JOINING AND FASTENING
fitting, force fit connectors, spot welding, forming,
bolting, screwing, locking, coiling, riveting, electron
beam welding

PRECISION MACHINING
grinding, sanding, brushing, drilling, routing,
trimming, cutting o

HANDLING |
parts transfer, limp materials, slippery materials,
warehousing

AUTOMATED INSPECITON
seam tracking, surface flaws, meteorite damage, etc.

on solar arrays, thermal radiators, windows,
mirrors-la-

19
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Iv.

PGIRN) -

TECH BASE ISSUES FOR ROBOTICS

LIGHWEIGHT

Robots Are Limber
Must Be Made glggn:gnigglly mgi_g

1
2.

3. Requires Complete Parametric Model
4. Level onQﬂLﬂﬂmﬂﬂ_ﬂm&m Capabﬂltv

PRECISION UNDER DISTURBANCE

Precision Light Machining
Real Time Dynamic Model

1.
2.
3. igiﬁwf Control
4. Feedforward Compensation
MAN-MACHINE INTERFACE
Need Increases with Better Technology
Should Be Kinesthetic (Analog)

1
2.

3. Force Feedback Essential

4 Generic Universal Manual Controller

DYNAMICS OF DOCKING

Shock to Stattonuﬂﬂﬁiﬂ_ﬁ
Satellite Spin and W is COmplex

1

2.

3. Presently Time Requrred s _Unacceptable

4. Sophisticated Manipulator Dynamics Required

LEVEL OF TECHNOLOGY REQUIRED

‘Far Beyond Today's Industrial Robot
Geometry Must Be More Generic (Parallel)

Dynamic ggmm_T_esbmﬁu Grossly Inadeguate
Balance of Electrical and echancsaly Essential

20




NUMERICAL RANKING OF

SPACE ROBOTICS

 Applications

- Parametric Requirements
- Prototypes

» Component Technologies
- System Characteristics

21



TABLE 1.

FOR ROBOTICS IN SPACE

REPRESENTATIVE APPLICATIONS

10.

APPLI

. Maintenance and

Repair of Space
Systems

. In-Space Assembly

and Construction

. Assembly and

Repair of Surface
Structures

. Satellite Servicing

. Planetary Surface

Exploration

Excavation

Pilant Automation

. Autonomous/

Supervised
Rendezvous and
Docking

. Hazardous
Manufacturing and

Experiments

Cryogenic Fluid
Storage/Transfer

DESCRIPTION

Repair Tasks on Space
Station and Other
Spacecraft, Processing
Plants, etc.

Assembly of Space
Station, Orbital Nodes,
Fuel Depots, Large
Spacecraft, etc.

Habitats, Processing
Plants, Power Plants,
Experimental Equipment,
etc.

In Situ Refueling, Repair,
Battery and Module
Replacement, etc.

-Lunar and Mars Rovers,

Sample Acquisition

Mining of Lunar Soil,
Preparation of Landing
Sites, Roads, etc.

Automation of Processing
and Power Plants on
Planetary Surface

Control of Spacecraft
Docking Procedures

Scientific Experiments on
Space Shuttle, Planetary
Surface

Transfer and Storage of
Hydrogen, Oxygen, and
Other Liquid Fueis

WEIGHT
EACTOR

9
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Representative Space Applications

Chart 1. Weighting of Representative Space Applications

Maintenance of Space Systems
In-Space Assembly

Satellite Servicing

Suffaéé Assembly/Repair
Excavation

Planetary Exploration

Plant Automation

Cryogenic Fluid Transter
Manufacturing/Experimants

Rende-zvous!l)ocking

Weight Factor

10

£



TABLE 2. PARAMETRIC REQUIREMENTS FOR
ROBOTIC SPACE APPLICATIONS

10.

PARAMETRIC
REQUIREMENT

Duration of
Functionality

Earth Weight
Equivalent

Power
Requirements

Inspection
Capability

Reach/Range
Capability

Dexterity
Capability for
Retrieval and
Assembly
Teleoperation
Distance

(Time Lag Issues)

Special Skills

Mass Movement
Capacity

Gravitational
Environment

DESCRIPTION RANKING
1 hour, 1 day, 1 week, 1 10.0
month, 1 year, 10 years '
1 0z, 1 Ib, 10 Ib, 100 Ib, 10.0
1000 Ib, 10,000 Ib |
0.1 Watt up to 100 MW 9.6
CCTV, Machine Vision, 8.9
etc. U
5 ft., 50 ft. 1 mile, 100 - 8.5

miles, 1000 miles,
1,000,000 miles

- Geometric Shape, 8.5
-.Amml‘gh-ous Shape, Pick
and Place, Constrained
Motion :
< 10', < 100", < 1 mile, 8.2

< 1000 mi, < 1,000,000 mi,
< 10,000,000 mi

Drilling, Coring, Fluid 7.9
Transfer, Material

Processing, Ranging,

Flight, etc. '

1 0z, 1 |b, 100 ib, 500 Ib, 6.3
etc.
0 g (Space, Phobos) 5.8

1/6 g (Lunar Surface)
1/3 g (Mars Surface)
1 g (Earth)
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Parametric Requirements

Earth Weight

Duration

Power

Inspection Cap

Dexterity

Heach/Range

Taleoperation

Special Skills

Mnass Movement

Gravity

Chart 2. Ranking of Parametric Requirements for Space Applications




Matrix 2.
Estimates of Importance of Parametric Requirements for Space Operations

3 £
% ?28 o %
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Parametric gg S5 c%:ﬁ 2 (€| & [ :—%w b 5
Requirements - '

Environment

2. Inspection
Capability

3. Mass Movement !

Capacity 6 3 2 7 5 6 3 2 5 3
4. Reach/Range

Capabiiity 9 7 3 3 7 4 7 2 6 3
5. Dexterify '

Capability 7 8 4 4 8 3 4 4 6 5

6. Special Skills

7. Telecperatiorx
Distance

e

8. Duration of
Functionality

. Earth Weight

10. Power

Requirements
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TABLE 3. ROBOT PROTOTYPES FOR

SPACE APPLICATIONS

10.

PROTOTYPE

Medium Space
Platform Robot

Dual Arm
ROV Moduie

Cherry Picker

Large Space
Platform Robot
Autonomous
Transport Robot

Small Space _
Platform Robot

Planetary Rover

Spider Robét

Large Excavation |

Robot

Sample Acquisition

Robot

DESCRIPTION

Work Horse Robot (60 in.)

for Precision Operations

Free Flying Supply &
Maintenance System for
Unstructured Tasks

Large (60 ft.) & Medium
(60 in.) Robqts in Series

Deployment Robot (60 ft,)

for Large Motions
Inventory & Parts
Handling for Processing
and Peiwe‘r Plants

Small Robot (15 fi‘r-‘t.) for
Delicate Assembly

Vehicle fqr"Explération of
Lunar or Mars Surface

Six-Legged Module for
Continuous Inspection

Large Robot (10 ft) for

Site Preparation & Mining |

Local Soil Sampling,
Analysis -& Preservation

BANKING
10.0

8.4

- 6.6
5.7

- 8.5

5.0

4.3

3.8

3.6

3.2
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Robot Prototypes

dectium Platform

Dual Arm ROV

Cherry Picker

t.arge Platform

Auta Transport

Small Platform

Planetary Rover

Spidar Robot

{.arge Excavator

Sampling Robot

Chart 3. Ranking of Robot Prototypes for Space Applications

Ranking
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Matrix 3.
Estimates of Importance of Robot Prototypes for Space Operations
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Robot 281581553582 § |53 421 5| 8
Prototype

1. Dual Arm
ROV Module

2. Cherry Picker

3. Planetary Rover

4. Medium Space
Platform Robot

5, Larg'é Excavation

Robot 1 1 1 1 6 10 1 1 1 1
6. Large Space

Platform Robot 9 3 4 4 4 3 1 2 4 2
7. Aufonomous

Transport Robot 4 2 5 i 5 6 3 4 2 8
8. Sample _

Acquisition Robot 1 1 1 1 2 3 9 2 1 2

10. Small Space
Platform Robot

9. Spider Robot
3 3 3 2 3 2 2 3 2 3
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TABLE 4. RANKING OF
COMPONENT TECHNOLOGIES
'FOR SPACE APPLICATIONS

TECHNOLOGY DESCRIPTION BANKING
. Prime Movers Muscles of Robot; 10.0
Electrical, Hydraulic,
Pneumatic
. Sensor Technology Awareness of System, 9.'6'

Process, Quality Control;
Touch, Force, Proximity,
etc.

. Vision Computer Analyzed Visual 8.8
Data for Inspection and
Position Referencing

. Man-Machine | Direct Bilateral Human 8.5
Interface Communication; Voice,

Force, Kinesthetic, etc.

. Artificial Intelligence Decision Making for Multi- 8.3
Layered Phenomenon

. End Effectors Hand of Robot; for 8.2
Handling, Inspection,
Welding, etc.

. Graphics/CAD Interactive Design, 7.5

Optimization, Training




TABLE 4. RANKING OF
COMPONENT TECHNOLOGIES

FOR SPACE APPLICATIONS (Cont.)

10.

11.

12.

13.

14.

ngh:-lquLQQ!

. Communication

Interfaces

. Actuator Modules

Intelligent Control
Software Mcdmes
Computer

Archltec_ture

Structural
Dynamics -

Structural
Geometry

DESCRIPTION RANKING

Interface Among Al
Arrays and Layers of
System Components

Structural Units
Combining Geometry and
Prime Mover; Shoulder,

Elbow, Wrist, ete.

Real Time Model to Make
System Rigid, Massless,
Responsive, Precise,
Smooth, etc. '

Portable, Hardened
Packages of Algorithms
and Chips for Rapid
Interchangeability

Serial and Parallel

Processors, Dedicated

Processors, etc.

Dynamic Loads,
Vibrations, Precision,
Speed, etc.
Workspace Reach,
Dexterity, Obstacle
Avoidance, etc.

7.3

7.2

7.0

6.9

6.5

6.3

5.4



Component Technologies

Prime Movers
Sensors
Vision
Man-Mach int
Al

End - Effector
Giraphics/CAD
Camm Inf

Act Modules
Int Control
SFW Modules
Comp Arch
Dynamics

Geometry

Chart 4. Ranking of Component Technologies for Space Applications

Ranking
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Matrix 4.
Estimates of Importance of Component Technologies for Space Operations
S 4 g
B B L. o =3
> %- gg = £ B
[ g b
£ c g o8| 3 g5 ¢ g -§ 8
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Robotic §§ Eg gf 158|243 & selsf|l 2| ¢
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Technology '
PSR (e R %
1. Geometry
5 7 2 2 5 i 2 3 4 2
2. Dynamics
5 6 3 8 4 3 4 3 5 3
3. Prime Movers
8 9 4 6 8 7 7 5 7 6
4. Actuator
Modules 6 8 2 31 8 4 3 2 7 3
5. End Effectors
6 10 3 4 7 2 3 5 8 4
6. Graphics/CAD '
7 9 2 2 8 1 2 4 7 3
7. Sensor
Technology 5 9 4 5 9 5 9 5 8 5
8. Vision
4 7 4 5 8 5 10 5 8 5
9. Arificial
Intelligence 5 5 4 6 8 4 9 4 7 6
10. Intelligent
Control 5 7 3 6 7 3 3 3 6 3
11. Software
Modules 5 7 1 5 7 2 3 4 7 3
12. 'Compuier
Architecture 5 8 2 3 & 2 4 3 7 3
13. Communication
Interfaces 5 7 3 3 6 3 7 3 7 3
14. Man-Machine
Intertace 6 10 4 4 8 3 4 3 8 3
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TABLE 5. RANKING OF
ROBOTIC CHARACTERISTICS
FOR SPACE APPLICATIONS

ROBOTIC
HARA ISTI

. Portability
& Mobility

. Reliability

. Multiple Task
Capability

. Vision

. Level of Machine

Intelligence

. Precision

. Load Capacity

DESCRIPTION

Absolute Movement of
Robot Base With or
Without Human
Assistance

Failure Rate of Entire
System

Number of Different
Physical Tasks Feasible

Shape Recognition and
Environment of Unit
Process '

Level of Integration of
Computer Hardware,
Software, Al, etc.

Absolute Precision of
Positioning of End-
Effector in World
Coordinates

Ability to Resist External
Loads Without Major
Deformation

BANKING
10.0

9.8

8.6

8.5

7.9

7.7

7.7
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TABLE 5. RANKING OF
ROBOTIC CHARACTERISTICS

FOR SPACE APPLICATIONS (Cont.)

CHARACTERISTIC DESCRIPTION BANKING
8. Unstructured Level ef;Nﬁfnerical 7.5
Task Level Uncertainty in Task
Specifie.atien_ )
9. Geometrical ‘Effective Méﬁdri Range 7.2
Dexterity (Linear and Angular) of
the End-Effector
10. Operational WO-;rkirig -Range- Without 7.1
Envelope | Moving Shoulder or Base
11. Obstacle - Robot aﬁd 'E:n_d.sE‘ffector, : 6.9

Avoidance Avoidance of Obstacles in
. ~ the Work Environment

12. Force Sensing Level of For.ce' Awareness: 6.1
- Deflection Compensation
Becomes Possible

13. Time-Efficient Speed of Performance 5.9
Operation Relative to Human Acting
E Alone
14. Smoothness of Lack of Backlash or Very 5.8

Operation Large Deflections



Robotic Characteristics

Mobility
Reliability
Mutii-Task Cap
Vision

Mach int

Load Cap
Precision

Task Level
Dexterity
Envelope
{bstacle Avoid
Force Sensing
Time-Efficient

Smoothness

Chart 5. Ranking of Robotic Characteristics for Space Applications

Ranking
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Matrix 5.
Estimates of Importance of Robotic Characteristics for Space Applications
&
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Characteristic '
Mwww
Multiple Task
Capability 7 10 2 3 9 3 5 7 10 7

2. Levelof Machine
Intelligence

3. Time-Efficient
Operation

4. Unstructured

Task Level 5 10 3 3 8 3 8 3 9 3
5. Geometric

Dexterity 8 8 3 3 7 3 3 5 8 4
6. Portability &

Mobility 8 9 7 3 9 8 10 7 9 8
7. Precision

8. Lload Capacity

9. Reliability

7 7 7 9 9 ] 9 8 8 9
10. Obstacle
Avoidance 8 8 2 3 7 3 3 4 7 4

11. Force Sensing

12, Smoothness of

Operation 5 6 3 9 5 3 3 3 5 5
13. Operational

Envelope g 8 3 3 8 4 3 4 5 4
14, Vision




RECOMMENDED

YEARLY FUNDING

Years $ (Million)
Component Technologies

Tech Base 1-7 10.740
8-14 16.111
Development 1-7 8.055
| 8-14 24.166
System Technologies
Tech Base 1.7 10.687
8-14 16.030
Development 1-7 5.343
. 8-14 16.030
15-20 21.687
Demonstration 8-14 10.687
15-20 21.374
Prototype Technologies
Development 8-14 16.834
| 15-20 28.056
Demonstration 8-14 22.444

15-20 56.112




Table 6. Recommended Yearly Funding for

Component Technolo

gy Development

in the Near and Middle Term ($ Thousands)

Level | - _ Lével Ii-
Research Development
Component K

Technclogy Near Middle Near Middle

Term Term Term Term

1. Prime Movers $1,000  $1,500 $750  $2,250
2. Sensor Technology $956  $1,434 $717  $2.152
3. Vision $884  $1.326 $663  $1,990
4. Man-Machine Interface $848  $1,272 $636  $1,909
5. Artificial Inteliigence $825 $1,238 $619 $1,857
6. End Effectors $823  $1,234 $617  $1.851
7. Graphics/CAD $753  $1,130 $565  $1,695
8. Communication Interfaces ~ $728  $1.091 $546  $1,637
9. Actuator Modules $717  $1,078 $538 $1,614
10. Inteliigent Control $699 $1,049 $524 $1,573
1. Software Modules 9689 $1,033 $517 81,550
12. Computer Architecture $645 $968 $484 $1,452
13.  Structural Dynam.i,;:é $632 $949 $474 $1,423
14, Structural Geometry $540  g810 $405 1,215
Average Yearly Total $10,740 $16,111 $8,055  $24,166



Component Technologles

Chart 6. Recommended Total 20 Year Funding for Robotic Component Technologies
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Table 7. Recommended Year|
in the Near, Middle, a

y Funding for Robotic Characteristics
nd Long Term ($ Thousands)

Level | - Research

Level Il - Development

Level Il - Demo

Robotic Characteristic Near Middie Near Middis Long Middle Long
1. Portability & Mobility $1,000 $1,500 $500 $1,500 $2,000 $1,000 $2,000
2. Reliability $982 $1,473 $491  $1473 $1,964 $982 $1,964
3. Multipie Task Capability $863 $1,294 $431  $1,294 $1,725 $863 $1,725
4. Vision $851 $1,277 $426 $1,277  $1,703 $851  $1,703
5. Level of Machine Intefligence $793  $1,189 $396 $1,189 $1,586 $793 $1,586
&. Precision $775 $1,162 $387 $1,162  $1,550 $775 $1,550
7. Load Capacity $766 $1,149 $383 $1,149 $1,532 $766 $1,532
8. Unstructured Task Level $750 $1,125 $375 $1,125 $1,500 $750 $1,500
8. Geometric Dexterity $721  $1,081 $360 $1,081  $1,441 $721  $1,441%
10. Operational Envelope $712 $1,068 $356 $1,068 $1,423 $712  $1,423
i1. Obstacle Avoidance $691  $1,037 $346 $1,037 $1,383 $691  $1,383
12. Force Sensing $608 $912 $304 $912  $1,216 $608 $1,216
13. Time-Efficient Operation $592 $889 $296 $889 $1,185 $592 $1,185
t4. Smoothness of Operation $583 $875 $292 $875 $1,167 $583 $1,167
Average Yearly Total $10,687 $16,030 $5,343 $16,030 $21,374 $10,687 $21,374

(4



Robotic Characteristics

Chart 7. Recommended Total 20 Year Funding for Robotic Characteristics
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Table 8. Recommended Yearly Funding for
Robot Prototype Development and Demonstration
in the Middle and Long Term ($ Thousands)

Level II - Leve!l llI -
Development Demonstration
Robot _
Prototype Middle Long Middle “Long
Term Term Term Term
1. Medium Spacse $3,000 $5.,000 $4,000 $10,000
Platform Robot
2. Dual Arm $2,509 $4,182 $3,346 $8.365
ROV Module '
3. Cherry Picker $1,979 $3,298 $2.,638 $6,595
4. Large Space $1,713 $2,855 $2,284 $5,710
Platform Robot
5. Autonomous $1,657 $2,761 $2,209 $5,623
Transport Robot
6. Small Space ' $1,504 $2,507 $2,005 $5,013
Platform Robot '
7. Planetary Rover $1,303 $2,172 $1,737 $4,343
8. Spider Robot $1,142 $1,903 $1.523 $3,807
9. Large Excavation $1,078 $1,796 $1,437 $3,592
Robot :
10. Sample Acquisition $949 $1,582 $1,265 $3,164
Robot _ ) L

Average Yearly Total $16,834  $28,056 $22,444  $5p6,112



Robot Prototypes
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OVERALL PROGRAM PLAN FOR
20 YEARS OF SPACE ROBOTICS
DEVELOPMENT

TECH BASE - 20%
DEVELOPMENT - 45%
DEMONSTRATION - 35%

OVERALL COST FOR 20 YEAR PROGRAM
$1,877,684,000



TABLE 9.

SUGGESTED PROGRAM STRUCTURE (RDD)

Tech Base: 20% over years 0-14

14 Component Technologies Make Up Total
Robotic System:

Development:

Man-Machine Interface
End Effectors

Actuator Modules
Sensor Technologies
etc.

45% twe_r years 0-20

14 Robotic Characteristics to Enhance Robot
Operation and Performance:

Demonstration:

Multiple Task Capability
Machine Intelligence
Precision

Portability & Mobility
Reliability

etc.

35% over years 8-20

Prototype Designs Over Several Generations:

Medium Space Platform Robot
Dual Arm ROV Module

Cherry Picker

Large Space Platform Robot
Autonomous Transport Robot
Small Space Platform Robot
Planetary Rover

Spider Robot

Large Excavation Robot
Sample Acquisition Robot
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Table 10.

Overall Recommended Yearly Funding ($ Thousands)

Level | - Research Level 1l - Development Level lll - Demo
Near Middle Near Middle Long Middle Long
Term Term Term Term Term Term Term

Component Technologies

Systern Capabilities

Prototype Development

Overall Average
Yearly Total

Overall Total

$10,740  $16,111

$10,687 $16,030

$8,055 $24,166 - - .
$5,343 $16,030 $21,374 $10,687 $21,374

- $16,834 $28,056 $22,444 $56,112

$21,427  $32,141

$149,989 $224,987

$13,398 $57,030 $49,430 $33,131  $77,486

$93,786 $399,210 $346,010 $198,786 $464,916

Ly



Chart 9. Overall Level of Funding for 20 Year Robotic Technology Program for Space Applications
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Chart 10. Overall Plan to Establish Robotic Systems for Space Operations
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IMMEDIATE RESEARCH NEEDS
FOR SPACE ROBOTICS FOR THE
LUNAR AND MARS MISSIONS
(INCOMPLETE)

S0
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IMMEDIATE RESEARCH NEEDS
FOR SPACE ROBOTICS

ARCHITECTURE OF ROBOTICS SYSTEMS

UNVERSAL MAN-MACHINE INTERFACE
FOR ROBOTIC MANIPULATOR SYSTEMS

CONTROL OF MULTIPLE ARM ROBOTIC
SYSTEMS

ROBUST CONTROL OF FLEXIBLE
"CHERRY PICKER" ROBOTIC MANIPULATOR

REALTIME SYSTEM MODELING FOR
MODEL REFERENCE ADAPTIVE CONTROL

METROLOGY FOR ROBOTIC SYSTEMS
COMPUTER
ARCHITECTURE/COMPUTATIONAL
SOFTWARE

VISION (ANALYSIS AND ENHANCEMENT)
DATA BASE AND ARCHIVING
KNOWLEDGE BASES

COMMUNICATIONS TECHNOLOGY
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A Fully Reconfigurable
Modular Robotic Architecture

» Modular Robots - high strength-to-weight ratio
composite links, reconfigurable for varying
workspace, force, position, degree-of-freedom,
and load-carrying requirements.

+ Manual Controller/Man-Machine Interface
Technology - for universal teleoperation and
supervisory control of a broad range of
reconfigurable robots.

» Advanced Sensor Technology - vision, force
feedback, control feedback, environmental
sensors, etc.

* Modular Controller Systems

» Artificial Intelligence (decision-making
software)

« Advanced Training and Performance
Enhancement Software



| Advantages-of
Modular Reconfigurable Robotic Architecture
in Space Robotics

Modularity in: Actuators |
Undriven Joints and Links
Structural Modules
Control Systems
Software
Sensors

Standardized modules and interfaces allow

upgrading of equipment (techmods) as technology

Improves, reducing major operational disruptions
and the threat of obsolescence.

* Easily replaced modular components make
repair/replacement easier, less costly.

* Reduced parts inventory saves space and weight,
reducing launch costs.

« Allows configuration and assembly of specialized
systems in space.

+ Decreases design cycle time.

« Optimized design process improves reliability,
decreases design costs.

» Precision is improved due to aggressive design
optimization in the modules.

» Allows different systems to be cross-compatible.
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MODULAR MANIPULATOR
ARCHITECTURE

SYSTEM COMPOSED OF GENERIC MODULES

Easily Scaled to Size of Task

Easily Interfaced Because of Standardization
Rapid Changeover for Enhanced Tech-Mod's
Rapid Diffusion of Technology

Reduced Level of Design Effort

Reduced Threat of Obsolescence

SEVERAL UNIQUE MODULES

. 3 DOF Shoulder
. 3 DOF Wrist

. 2 DOF Knuckle

. 1 DOF Elbow

. 6 DOF Micromanipulator

FLEXIBILITY FOR SYSTEM COMPOSITION

. Up to 12 DOF

. Exceptional Dexterity

. Excellent Obstacle Avoidance

. Reasonable Structural Integrity

L L ] - » L] L

INTEGRATE THE BEST COMPONENT TECHNOLOGIES

. Parametric Modeling
. Adaptive Control

. Decision Making

. Manual Intervention

MEET THE MOST DEMANDING SYSTEM REQUIREMENTS

. High Operating Forces |
. Cluttered Obstacles in Work Environment
. Numerous Distinct Tasks
. Precision Machining
etc.....
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UNIVERSAL MAN-MACHINE INTERFACE FOR
ROBOTIC MANIPULATOR SYSTEMS

OBJECTIVE

A TRANSPARENT, UNIV_ERSAL INTERFACE BETWEEN
OPERATOR AND ROBOT -

JUSTIFICATION

LEVEL OF MACHINE INTELLIGENCE FOR COMPLEX
TASKS NOT AVAILABLE FOR TWO DECADES

BEST NEAR-TERM SOLUTION: PROVIDE HUMAN
INTELLIGENCE FOR SEMI-AUTONOMOUS MACHINE
OPERATIONS




CONTROL OF MULTIPLE ARM

ROBOTIC SYSTEMS

PROPOSED RESEARCH

DEVELOPMENT OF CONTROL TECHNOLOGY TO
COORDINATE REQUIRED FORCE-MOTION
INTERACTIONS

- KINEMATICALLY DEPENDENT ACTUATOR
MOTIONS

- BALANCE ACTUATOR LOADS:
- CREATE DESIRED RELATIVE FORCES

PREVENT ACTUATOR OVERLOADS
PREVENT LARGE DEFORMATIONS IN THE
MANIPULATOR

PRECISION UNDER DISTURBANCE

REAL TIME BALANCING OF ABOVE

ESTABLISH CRITERIA FOR MULTIPLE ARM
OPERATION AND DESIGN

DEMONSTRATE SPECIFIC SATELLITE
MAINTENANCE TASKS
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REAL-TIME S\;:STEM MODELING
OR
MODEL REFERENCE ADAPTIVE CONTROL

NEEDED DEVELOPMENT

« DEMONSTRATE MODEL REFERENCE CONTROL
- RIGID LINK MODEL
- COMPENSATE FOR APPLIED LOADS
- COMPENSATE FOR INERTIA LOADS

* EXPAND TO INCLUDE DEFLECTIONS
- LINK FLEXIBILITY
- ACTUATOR FLEXIBILITY

* ESTABLISH OPERATIONAL SOFTWARE

* DEMONSTRATE IN ACTUAL MACHINING
OPERATIONS

TASK DESCRIPTION

*« EXPAND RANGE OF APPLICATIONS

- FOR GENERIC MANUFACTURING SYSTEMS
- USE FEED FORWARD COMPENSATION

* ON LINE COMPUTATION
- FULL MODELING MATRICES
- REAL TIME (<30 MSEC.)

« ARRAY PROCESSOR IMPLEMENTATION
- PIPELINED COMPUTATION
- RECURSION IN ALGORITHM



METROLOGY OF ROBOTIC SYSTEMS

BJECTIV

. DEVELOP AUTOMATED TECHNIQUES FOR
DETERMINING ROBOT PHYSICAL
PARAMETERS "AS BUILT"

GEOMETRIC DIMENSIONS

MASS DISTRIBUTION

FLEXIBILITY PARAMETERS
ACTUATOR CONTROL PARAMETERS

. AID DEVELOPMENT OF ROBOT STANDARDS

- CHARACTERIZE EXISTING ROBOTS
JUSTIFICATION

- ROBOTS ARE NOT "ACCURATE"

« CLAIM ONLY REPEATABILITY

- METROLOGY IS BASIS TO IMPROVE ACCURACY

+ LACK OF ACCURACY IS MAJOR IMPEDIMENT

- TO OFF-LINE PROGRAMMING
- TO FULLY AUTOMATED FACTORY
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APPENDICES:

Comments by Consortium Principals
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HUMAN PERFORMANCE
AND

HUMAN ENGINEERING ISSUES
NASA LUNAR/MARS MISSIONS

G. Kondraske, UT Arlington
September 11, 1989

There is a need to focus on the following items:

Determination of representative and worst case tasks and task requirements. Task
requirements should be developed in terms of: (1) function, (2) quantitative high-
level task performance (e.g., masses, distances, object dimensions, execution
speeds, accuracies, etc.) and (3) quantitative estimates of the amount of stress
placed on specific human performance resources (e.g., strength of specific muscle
groups, ranges of motion, movement speeds, visual information processing speed,
etc.). - '

Simulation tools which can be presented within the workstation (e.g., for the
control of robotic systems or vehicles) or other physical task scenarios (from a
library of those anticipated to be necessary) and which provide: (1) predictions of
failure/success at a desired level of task performance based on the stresses imposed
on human performance resources, (2) quantitative estimates of margins of safety
(based on resource reserves), (3) the ability to facilitate experimentation with
alternate mission scenario designs and estimate relative workloads imposed by
each.

Quantitative model of muscular, cardiovascular, and mental fatigue. Such models
should be able to receive temporal task assignments and estimate whether the
imposed load causes endurance thresholds to be exceeded. Special attention:

(1) Mental endurance associated with telerobotic operation with specific systems.
Integrative (whole body) systems models for muscular fatigue (e.g., as for long
duration EVAs, etc.). Models should include simple simulations of environmental
effects.

Methodology and simulations/experimental studies to permit analysis of humans
and robots working together or sharing task components within a larger objective.
Trade-offs (human vs. robot) and optimal resource utilization should be
emphasized.
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DESCRIPTION OF SPACE MANIPULATOR
SYSTEM REQUIREMENT

D. Tesar
THE UNIVERSITY OF TEXAS AT AUSTIN
September 13, 1989

The complexity and range of physical tasks associated with space operations and
exploration is enormous. See attached reference:

"An Assessment of the Development and Application Potential
For Robots to Support Space Station Operations”

These tasks involve assembly of space structures (handling of large modules,
precise sub-assembly, precision welding and forming, etc.), space structure maintenance
and repair (40% expected to be unplanned repairs, debris damage causes unstructured tasks
containing disturbances, constant surveillance of space structures, etc.), moon surface
resource retrieval (building and maintenance of human habitats, mining systems, hydrogen
and oxygen plants, etc.), and Mars exploration (remote operation of surface vehicles, repair
of facility damage, assembly of space telescope structures, etc.). Some of the complex
dynamic motion tasks associated with these physical tasks are:

Docking and grappling maneuvers
Reactionless operations

Stabilization, rigidization

Dual robot operations

Catching and storing space debris, etc.

Finally, a very broad range of unit processes are associatcd with these physical tasks:

Operation of simple mechanisms
latches, cranks, slides, handles
Joining and fastening
fitting, forcefit connectors, spot welding, forming, bolting
screwing, locking, coiling, riveting, electron beam welding
Precision Machining
grinding, sanding, brushing, drilling, routing, trimming, cutting
Handling
parts transfer, limp materials, fluids transfer, slippery materials,
warehousing
Automated inspection
seam tracking, surface flaws, meteorite damage on solar arrays,
thermal radiators, windows, mirrors, etc.

This spectrum of physical tasks suggests that a broad spectrum of robot systems
will be necessary. The following is an abbreviated listing of these systems:
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SYSTEM DESCRIPTION RANKING

1. Dual Am Free-flying supply and maintenance system 10
ROV Module for unstructured tasks

2. Cherry Picker  Large (60 ft) and medium (60 in) robots in series 7

3. Medium Space  Workhorse robot (60 in) for precision operations 6
Platform Robot

4. Large Space Deployment robot (60 ft) for large motions 5
Platform Robot

5. Spider Robot Six-legged module for continuous inspection 3

6. Small Space Small robot (15 in) for delicate assembly 2
Platform Robot

This limited spectrum of required systems suggests a very demanding tech base

development requirement:
1. Lightweight - This means that the robot's structures will be exceptionally limber

technology forecast.

and resulting deflections must be compensated by employing sophisticated
parametric models in terms of a control technology far beyond that of the state-of-

the-art,

to achieve feedforward deflection compensation and adaptive control.

3. Enh

science.

- Many of the unit processes will involve force
dmmrbances making precision operation difficult. This means that a real-time
dynamic model using dedicated high speed hardware and software will be essential

nology - Today's industrial robots (the 2nd generation) are far
removed from the technology required for space (the 4th generation) based on a
high level of modularity, generalized geometry (serial, parallel, layered, and
redundant) and high speed computational HDW and SFW. It requires a full balance
of the electrical and mechanical disciplines with an increasing role for computer

The principal requirement that must be met for future implementation of robotics in
space is the ability to create a large spectrum of robot systems from a limited collection of
hardware and software modules. This full modular architecture would allow a rapid
reconfiguration of a given system, reduce the cost of transport, allow tech mods (technical
modifications) for rapid infusion of new technology, and reduce the real threat of
obsolescence. This general architectural requirement is the primary thrust of the present
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MODULAR ARCHITECTURE MONOGRAPH
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Michael S. Butler & Delbert Tesar
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0. EXISTING ROBOT TECHNOLOGY Published in
<:: June 1989 issue
. MODULAR ARCHITECTURE of
FOR ROBOT STRUCTURES Manufacturing
Review
V. COMPONENT TECHNOLOGY
V. CRITERIA FOR SUCCESS
VI. APPLICATIONS /CRITERIA MATRICES
&
Published in
Mar. 1989 issue
Vil. 30-YEAR FORECAST ‘¢:: of
Manufacturing
Review
VIIl. RECOMMENDED RESEARCH PROGRAM
IX. CONCLUSION
ACKNOWLEDGEMENTS

REFERENCES



()

(2)

(3)

C)

(3)

(6)

(7)

(8)

64
SOME MACHINE VISION REQUIREMENTS
FOR SPACE APPLICATIONS

R. de Figueiredo, Rice University
September 13, 1989

MODELING

. Geometric and/or relational models for targets,
. Envelope models for obstacles;

. Generic (random field) models for clutter.

SCENE DEFINITION

. Hlumination strategies to cnabie and/or enhance image acquisition;

. Development of high definition sensors (e.g., HDTV, LIDAR devices);
COOPERATIVE SENSOR OPERATION

. Intelligent real-time cooperation between camera and LIDAR

RECOGNITION

. Image segmentation schemes to localize objects on image;

= Detection of objects on image as being targets, obstacles, or clutter (isolated

or overlapping),

. Classification of a given target according to its category;

. Estimation of feature (shape) parameters of targets;

. Learning to classify new targets without supervision (e.g., by cluster
analysis);

LOCALIZATION OF TARGETS AND OBSTACLES

. Determination of position and orientation of given target as well as distance
from an obstacle both in static and dynamic environments;

TRACKING OF TARGETS AND/OR OBSTACLES
. Based on predictive models

SAME AS (4), (5) AND (6) FOR THE MULTIPLE
TARGET / MULTIPLE-OBSTACLE CASE

IMAGE UNDERSTANDING OF RESULTS IN (7) DRIVEN
BY A KNOWLEDGE BASE

# Sensor-assisted navigation, grasping, assembly, disassembly, etc.



Estimates of Parametric Requirements for Space Operations

Parametric Requirements

i Gravi-
f tational Mass Reach/ Tele- Duration of Power
| Environ- | Inspection | Movement Range Dexterity Special operation | Function- Earth Require-

Function l ment Capability | Capacity | Capability | Capability Skilts Distance ality Weight ments Readiness
Assembly o ! 1/6-13 g tactile, - 50# 2-5 high auto- 1-240K | 1-8hrs [ 100-500#]5-20KW [ 5. 10 yIs.
Swrvewres and } force, nOMmMous mi, at a time
Repair g moment fine

I motion
Buspection of l 0-V6g | intensity 1-24 3-10 low 1-200M | 2-8hrs | 50-300¢ | 1-5KW 5- 10 yrs.
Structore range mi.
f vision
! -
iwspectionof 16 - 1/3g | intensity 1-2# - fow texture and | 1 - 200M 2-8 50-300# | 1-3KW | 5-10yrs.
Plant Growth ] image color mi. hrs/session
| vision recognition
£
Tending of Plant§f 0-1/3 g visual, - 54 3-10 high handie 1-240K | 1-8hrs | 50-300¢# | 1-SKW | 5-15 yI3,
Cirerwih Cells texture, floppy mi. ata time
tactile, material
form
Mining 5 Vi-l6g force, 10-100# | 5-10 low drilling, 1-240K | 2-8hrs 300 - 5-20KW | 5-10yrs.
moment, ool mi. atatime 10004# '
visual handling,
many tasks
Dbt for Ore 6-13g | visual, 1- 208 ~5' fow drilling, 240K - 2-8hrs | 50-3008 | 1-SKW | near-term
Samples chemical chemical | 200M mi.
sensors analysis
PickUpRocks J1/6-173g visual 1-20# 2-6 low - none 240K - 2-8Bhrs | 50-300¢ | 1-5KW | near-wrm
medium 200M mi.
Scoop Sodl ¥6-13g visual i# 5.3 low 240K - 2-8hrs/ { 20-200# | 1-5KW | mearterm
Samples feedback 200M mi. | mission

Dick Volz, Texas A&M University, Sept. 12, 1989
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A GENERALIZED MODULAR
ARCHITECTURE FOR ROBOT
STRUCTURES
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MANUFACTURING PERSPECTIVE

A Generalized Modular
Architecture for Robot

Structures

DELBERT TESAR and MICIEAEL 5. BUTLER

Mechanical Engineering Dept., University of Texas. Austin, TX 78712

The eritical issue fueing designers of adraneed robotl arehitectures i o to take adraitage of
advaneed electronic technology feneoders, avithmetie ehips. Irigh speed proeessor boards, ete) lo
produce gewerie aid more cevsatile mechoanical robol streefures af lower costs: Todeay, almost ol
vobols dre desigued oue ab g thwe at exceptionally high cost of resowrees and thine, Freguently,
this terel of fnvesiment (nduces the designer to he conservative, leading him to use ouly prorven
technologies—henece, is system is nof onty costly but Jrequently obsolete and cannot easily be
redesigred when wew techuodogy becomes areaitable, The pressing need is to achicre an
aveltitecture whieh can rapidly erolre in the same fashion as is now feasible for personal
computers, The goal of this paper is Lo show how o highly structured modular approaeh to robot
avchitocture can uehiore these desived vesults. The puper begins by reriewing o diverse range of
eristing robol technology in order o demonstrale architectural prineiples thal are being
employed or are in development. The second part of the paper shows how to bidld o geweralized
mechawical avehiteciure ont of 1.2, and 3-DOF stewetural modules driven by a finite sel 13) of
ecompact, tightwelght. stiffs aad vediundant aeluator modutes. This resulting arehiteeture s
easily scaled, assembled, and multitagerved, which shodd dramcatically Tower costs and provide
siguificantly improved peyformance without tong desigu-to-markel cycles and the implied threat

aof ohsoleseence.

INTRODUCTION

he modularity of personal computers 18 now as ac-
cepted and necessary reality of computer architec-
ture. Those systems are lavered with nearly standard-
ized imerfaces and control software. Such modularity
i robotics has been pursued only in the most elementary
sense. A true architecture. where local priorities, scaling -
sues, subsystem integration. and so on are all involved, has
yet o be dealt with: Such modalarity and architecture is os-
sential for the growth of the mechanical technologies. espe-
cially if their costs are to become more competitive. This
class of architecture allows a continvous evolution of the svs-
temn while preventing obsolescence by making “tech mods™
feassble al the modular lovel withowt disturbing he sysem.
i Huimat

rsbonics will ¢

shitity o design the system to

£ Copyright 1989 American Society of Mechanical Engineers

meet a broad range of operational requirements in terms of an
excess of 100 or more available systern parameters (for a 6-
DOF serial arm, there would be 18 geometric, 42 mass, 36
deformation, and 18 actuator parameters). Facing all of these
parameters simultaneously would far exceed the computational
capabilities of the largest of foresesable computers. Hence, a
strategy for design must be developed to break the design
process dewn into a series of layers upon which interactive
intervention by the designer through simulatioa s possible.
Computer system designers complain that they have an in-

complete strategy for design. Considering the level of archi-

tecture, systemn definition, determinism, lidearity, etc.,
which exists for computers, it is not difficult to comprehend
the much more severe task faced by the designer of robots
witich s 3 far less developed technology,

Table t s & smapshot of what is implied by mechasical
architeciure, The basis for much of our eb speed production
machingry (exules, packaging, food making, o)) involves



the use of multiple 1-DOF machines such as cams and link-
ages aifl tied to a rigid crankshaft to ensure that their separate
functions remain in time phased relationships without drift,
even under heavy loads. Machines have been adjustable in the
small ever sinte the mechanical governor was developed for
the automatic controd of the speed of steam engines. Today.
this lingar structure s the heart of functional control of mod-
ern production machinery. where precise output parameters
must be maintained. The adjustable contral input is usually
mechanically small relative to the primary motion structare. [f
the secondary mput is nenlinear and highly coupled 1 the pri-
mary structure. then a compléx analysis is required to predict
stability and the response of the combined systemn. Generaliz-
ing this further. suppose that both inputs are equal in scale,
nontinear and highly coupled relative to the output function of
the systemn. This type of system can either be serial (the in-
puts are additive) or parallel tthe inputs are distributedy, The
result s the first level of structure which mimics the character
of operation of a robot. In biological svstems many joints are
able 1o provide compact actuation of several degrees of free-
dom icthow-1. knuckle-2. ankle-3. wrist-3. shoulder-3, hip-3.
ete.y. The joints themselves are undriven. The muscles act in
parallel to provide the desired motion. Similarly standardized
moxdules can be created for mechanical systems driven either
directiv at the joiat or in parallel.

Combining ~ix inputs, either serially or in paraliel. allows
the mechanical structure to duplicate the motion of o human
hand tend-effectory. 1t & senab, it possesses a high level of
dexterity. 1 1t is paraliel. it can carry a high load. The bio-
logical system is usually thought of as a hybrid of these. Put-
ting extra inputs attached to extra dégrees of freedom (DOF)
results 1 g system which has more inputs than outputs. These
extra DOF alfow for choices to be made (obstacle avoidance.
cahanced stiffness, enhanced speed. cte.. that s, the basis
for intetligence. Finally . the extra DOF may be small isav
Frs relative to the primary snpuet. Many of the requirements
for system aperatton deal with small scale parameters (defor-
mation. precision. drift, ete.y. Hence, the small scale inputs
can be usad o reat the small scale funchonal requirements
whife the large mputs maintain the globual operation of the
system, This separation allows dedicated controf technelogy at
cach scale and poatentially could be achieved with the second-
ary syvstem based on inear geometric transformations fie. .
incar control theory then applics).

ENISTING ROBOT TECHNOLOGY

This section is intended to ocutline in pictorial form the exist-
ing mechanical structure of robot technology, from industrial
robots tof high populations) through to those in the concept
stage associated with future applications (such as in space).
|, Unigue Structures (Fig. . Here some unusual de-
vices are presented. The first is the 500-vear-old concept of a
robot to duplicate the 4-DOF motion of a bird’s wing by
Leonarde da Vinet [Fig. Hray]. This device (11} shows an un-
asual awareness of the coupling of the inputs through cables
and of the fact that ponlinear transformations between the in-
put and output were feasible. This is particularly striking
since the concept of the most elementary nonlinear trans.
former tthe [-[DD0OF d-bar linkages was not understood ot all
by his contemnporanies. Here, he shows how te combine four
coupled nonlinear mpuly 1o 8 (7e manipeialor,
oad device (g, by s the concept proposed by

GE [3] called Hardiman (1968). It was intended to enable a
man to pick up a 1500 Ib load from the floor to a 6 ff height
and to walk up a set of stairs. The system was completely
built around the concept of force-feedback in a position-, ve-
locity-. and force-sensitive servo systems. This is a direct ex-
ample of human augmentation. 1t appears that this concept
should be revisited not only because the technology is more
available to develop the sysiem wday, but also because the
human could be shiekied from a hazardous environment

{say temperature, radiation, chermicals, etc.). Today's feasibil-
ity for telerobotics lessens the urgency to camry out this
development.

One of the most frequently seen |13} manipulators is the
articuiated excavator or “hack-hoc™ {Fig. He)f. This is usu-
aily a 4-DOF planar systen with in-paralie]l hydranlic pistons
to drive the joints. The final DOF is the scoop which usually
needs a 200°-240° rotation. This is achieved by using an aug-
menting $-bar in series with the piston o amplify the range of
the teasible joint rotation {from 1207 10 240°%). The primary
requircment of the system is that it be able 1o develop large
autput forces.

The tevel luffing crane shown i Fig. Hdy is widety used
for ship cargo handling in European ports 119]. It is based on
a d-bar straight line linkage which maintains the load at the
same clevation as it moves to and from the ship. The design
crnables the primary actuaters (cable drive and crank drive) to
be at the base of the structure. This concept has been ex-
panded to cranes which use complex geared five-bar linkages
as i foundation mechanisim stucture. Geared five-bar linkages
tor two-input paraliel structures) have been extensively stud-
ied by kinematicians over the past four decades. Their advan-
tage to robotics s that it makes it possible to use heavy direet
drive motors at the base without the penalty of carrying the
motors on the moving Hoks (as in g true serial arm).

The next device is associated with human augmentation.
The 5-DOF manipulator envelopes a partially incapacitated
human arm allowing it o carry heavier loads and t0 maintain
more precise motions. The input is by a sponge ball held in
the teeth of the operator. Prof. Louis Torfasen [23] indicated
that the prototype could be built ar low cost but the delicacy
of the servos made its reliability in the hands of non-technolo-
gists less than what woukl be wierable. Perhaps with the use
of much lighter tand relishie) electric servo motors in the near
future, this device could be made sufficiently reliable to sat-
sty the demanding reguirements of the user.

The tendon-driven finger |24 shown in Fig. 1f) has 4-
DOF and s driven by 8 separate cables under tension from 8§
preumatic prime movers. The finger acts as a module ©
make a four-fingered hand with exceptional dexterity and ca-
pacity for object manipulation. Each DOF is driven by two
cables to create antagonism and smooth high resciution mo-
ton. Clearly the tapes {tendons) are highly coupled through
the mulittude of joints and associated pulleys. Tension seasors
enhance the quality of force control. The system is under in-
tensive techmical, software, and controt develfopment. and its
present state of operation is quite satisfying. The issue of
complexity of parts. refiability. weight. multipie actustors.
ele., just to operate o hand, makes realistic implementation in
field systems guite problematical. Nonetheless. should traly
small actuarors become avatable for direet 10int integration,
the lessons learned wdll prove mvalushie

2. fmddusrrial Sverems The deviees in Fig. 1 have been
Bisl o meet hoavy duty vequirerments found o industry of in
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remote hazardous environments. That in Fig. 2(a} represents a
remarkably large device by GE called the Man-Mate [2CG}. It
was intended to carry 3000 Ib in a work volume of 11 by 17
ft and be controlled through a master-slave format by an oper-
ator In a protected cab. Many say that this device was ahead
of its time and probably quite expensive. Nonetheless, it was
an excellent effort to aagment the human in the workplace,

The DEMS (Driver Equivalent Manipulator System) [Fig.
2(b3] was also offered by GE for deep submersible work. It
was operated remotely through a force-feedback master-slave
17}, Each of the first three joints was operated by a dual pis-
1on rack and pinjon miodule, The systern was very rugged but
the smal} size of the pinion gear tended to magnify backlash
problems. It was rated at 63 b and had a reach of 3.3 ft and
only weighed 320 ib,

Perhaps the most popular assembly robot in this decade

{1} higs besn the Adept One [Fig. 2o} which is 2 Selective

Complignce Articulated Robot Arm (BCARA; robet driven by

(c}

FIG. 1. Unigue structures {a—f, left to right, tep to bottom): DaVinci manipulator; G. E.’s
Hardiman: articulated excavator; University of New Brumswick arm support manipulator;
level luffing crane {Courtesy of Kocks Crane & Marine Co.); Utah/MIT dexterous tendon-
driven finger module

direct drive motors. The unit has a very smail footprint, it
looks clean, and it ts smooth and reliable with good resolu-
tion. The vendor continues to develop software which en-
hances its programmabtlity.

The robot [9} which appears to have the widest aceep-
tance in heavy duty applications is the Cincinnati Milacron
[Fig. 2(d}] electric T3 series (the 746, 776, 786, ctic.). It ex-
hibits a remarkable resolution of 0.01 in. in a large work-
space. The 776 weighs 5500 b, Even though it is well de-
signed mechanically, it deforms 0.20 inch under its payload
of 150 ib. This means that precision tasks are not feasible un-
der computer control (off-line programming) if there is a sig-
nificant force disturbance in the process being performed by
the robet.

The gantrv system [67] has becomne a recent standard
configuration for industrial robots. It allows a 2-DOF platform
t cover & large workspace with 3 3- of &DOF manipuliator
without mterfering with access o the work volume from all

Tesar and Butler: A Generalized Modular Architecture for Robet Structures
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- sides. These devices can be quite large. They are difficult w
operate scourately over large volumes unless high quality
laser sensors are used along the v-v frame. Unfortanately.
taser measurement of the end-effector location in space re-
mains expensive. Robust {but expensive) ganiry systems have
been used to perform some light machining tasks. such as
drifling of relatively flat pancls found i arcraft {Fig. 3terl

The material hemdler [38] shown in Fig. Zify is represen-
tative of the concopts now being comsdered for use m the
Batthefield. It has rubbuer nees 1o allow it o convoy at 40--50
sy, It i ie Be opemated from o stendofl posiibon sl raes.

port up e (500 b Joads. Considening the dilemmas of woft

fey

Industrial systems (a-f. eft to right. top te boftom): G.E."s Man-Mate
2000 G.E.'s underwater manipulator: Adept one assembly robot;
Cincinnati Milacron industrial robot (T3-776); gantry robet; field
material handling manipulator

tires, sloping or seft terrain. human error, and so on, the re-
quirements for modeling and control are demanding. Even
though this device at first appears to be quite simple, the
level of flexibility (link and tite deformation); the high load
capacity. snd the danger that the eperator-could overgommit
the handier suggests that thiv system can be extremely inter-
esting to the technolegist.

3. Imieresting Protorepes. Some very interesting orofo-
tvpes {Fig. 3 have been developed over the past two decades
isome wel knows and others notr, The Martds Muaretin
Proto-Fhght Mampulator Arm [8] develosed for MEFC by 2
tearp fed by Bill Brivon deserves special mention (Fig 3al
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FIG. 3. Interesting prototypes (a~f, left to right, top fo bottem): Martin Marietta’s Proto-Flight Arm; Russian
bevel gear drive manipulator; bevel gear-motor modules in manipulator arm: 11.DOF reactor vessel
inspection robot by Westinghouse: Lamb Corp. prototype tripod robot: micromanipulator (based on

Stewart platform)

It weighed 115 1b, coild generate a force of between 1} and
13 b, and could reach 8 fu. It was a 7-DOF svstem and could
eastly fold up for stowage. Several of its actuators used preci-
sion gears in an antagonistic drive for very high resolution
isee Fig, 7dy]. In fact, the arm could easily pass for a first
level effort at modularity. It appears to be the modei for the
RMS svstém that was produced by Canada for the shuttle.
The arm concept shown i Fig, 3b) is due to efforts in
the Moscow Machine Sciences Institute led by Academician
K. Feolov (61 This objective was o have 38 the prime mov-
ers at the showldey s that they couid be protected from heavy
radiation @ & nugisar work environmaent. The diagram shaws

that a series of bevel gear drives enables the actuators to drive
the end-effector in a programmed motion. Of course. the
drive traing will be heavy. will exhibit backlash, are highiy
coupled. and will exhibit large torsional deformations in the
large number of torgue fubes. Nonetheless. the design de-
serves special consideration whes extremely difficult environ-
mental conditions are experienced.

The Taylor Hitec arm shown in Fig. 3(c) attempls to re-
duce the number of torgue twbes ysed 0 the Ryssian exampie
by placing compact drive modules wihin the whular shapes
of the manipulator Hnks and using bevel geas o drive per-
pendicular jointg ar the end of cach lnk (28] This i3 an mier
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esting modular concept but it is limited by the friction. defor-
mation. and backlash problems associated with bevel gears.
lts major attribute is that it is slender and can maneuver
through restricted channels or pipes.

The inspection robot by Westinghouse is a 11-DOF sys-
tem intended to perform in-service weld and surface inspec-
tions of nuclear reactor vessels {401 The geometry of the de-
vice is specifically suited 0 a cylindrical vessel. The system
could be operated by human input or it could be prepro-
grammed 1o track the surface of the vessel. Because of the
high need for dextetity and motion in restricted volumes, the
system is primarily serial (one link, one joint, one link. etc.}.

The one-off prototype [Fig. 3(e)l by Lamb Corporation is
not well known [271. Its extremely interesting modular and
parallel structure deserves special attention. Each of its three
legs is supported in a trunion and is actuated through a linear
screw and a torque tube attached to a ring holding three piv-
ots. The ring is the end-effector of the system. Because it s a
tripod. no difficult coupling occurs. Also. it should be rela-
sively stiff and capable of resisting significant force distur-
bance. It was planned to perform precision light machining
tasks.

The micromanipulator device {50} in Fig. 3(f) is based
on the Stewart platform having six identical modular legs.
This device is intended to provide a vernier motion module at
the end of the robot o provide high resolution or small mo-
tion feedback at the end-effector of a normal robot structure,
The range of motion 15 =0.§ in. and =2° of rotation
in all 6 DOF. Each joint in the Stewart platform is provided
by a flexible necked down section whose relative motion is
restricted to prevent high stress levels. The device is intended
to have a load capacity of 100 ib. Each leg is operated by a
rare earth motor operating @ compact harmenic drive (or simi-
tar purpose lightweight reducer) to reduce the size and wetght
of the motors. The overall weight of the module is mtended
to be approximately 20 ib,

4. Snakelike Structures. Several linear and raltiply aruc-
ulated robot structure prototypes which have a snakelike ap-
pearance have been created over the past decade. That shown
in Fig. #a) is cailed the Spine robot [37, 41, 59} developed
in Sweden. The goal was to create a system of sausual dex-
terity which wouid be able to reach into restticted spaces (i.c.
pipes). The system was made up of a series of conical ~verte-
brae™ driven by cables threaded through the edges of these
clements. This system. however, is extremely. deformable and
can carry only light loads. It can only be programmed by us-
ing a master-stave or by extremely long iterative computa-
tions. It has not seen much use in the past few years.

The device in Fig.-4(bJ is an attemnpt to create & high
levei of accessibility for robotic devices which must travel
through pipes 1o get to the work volume [28]. This is
achieved by a “chain link” of box sections which has ali
joints in the chain paraliel (a series of paraliel revolutesy,
When the chain straightens out, the links mechanically “lock”
to produce @ light and relatively sff structure; This system
is highly modular and works only in one direction (ie., 1t
focks in only one wayy The intention is to use this chain svs-
tem to deploy the precision robot manipulator of Fig. 3ic).
As shown in the figure, & mechanical assist (such as a shoe;
must be deploved at the end of the pipe o guide the chaip
link e reach o the work volume in the desired direction
The shoe cary be rofeted remotely W Bnprove seoess to the
toial volme.

FIG. 4,

Snakelike structures (a—c, left to right): spine robot;
waste cleanup manipuiator; Odetics articulated (snake)
robot concept

Table 1. Spectrum of Mechanical Structure

t. 1-DOF machines

L

2-DOF linear control
sfrgcires

. 2.DOF machines

adjusted in the small
2.DOF machines.

§-3-DOF structorad
modules

&DOF robotic
magipulator

8-DIOF fobotic systems

§2-D0F precision robo
s¥sten

cams, linkages, stc.

 throughput gain by 2nd linear

adjustment

throughput gain by Znd coupled

nonlinear small adjustment

both inputs equally important
and, coupled

elbows, knuckles, wrists,
shoualders, ete.

duplicates human arm dexterity

allows obstacle avoidande amd
inteiligent controt
&DOF lwrge and 6-1XOF small

for precision wader fpa
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A recent and potentialy very versatile transportation sys-
tem to operate in a highly cluttered obstacle environment is
the Odetics snake concept [60} shown in Fig. 4(c). This de-
vice s modular with 2-DOF joints between each module in
the form of an actuated universal joint (two revolutes atr 90°).
The snake is intended to “jurip™ over relatively high obsta-
cles against gravity. To do so would require 15 or more mod-
ules. At this time, prototype modules have been built and ex-
tensive control software development is underway, Its first
mission cbjective is to work in hazardous radiation environ-
ments, o transport modules of a precision manipulator to the
worksite, assist in its setup, and to provide tools and supplies
te the work site,

5. Walking Machines. The concept of walking machines
is very old and is found 200 years ago in examples called au-
tomata. During the 60s, DARPA contracted GE’'s Raiph
Maeosher [31] to produce a four-legged hydraulic walking ma-
chine {Fig. 5aj]. Because of the lack of high speed com-
puters. they were forced to have a master-slave arrangement
where the front two legs were controlied by the operator’s
arms and the rear two legs were controlled by the operator’s
legs. The system was shown to work and Mosher could oper-
ate it over cbstacles, but it was very taxing {because of the
force feedback) and required considerable training.

In the early 80s. Odetics {4] developed a lightweight
walking machine with six legs {Fig. 5(b)]. This syvtem is
modular in the sense that all legs are identical and symmetri-
cally arranged on the ~“body.” The leg has 3 DOF and is de-

FIG. 5. Walking machines (a—c, left 1o righty G.E. quadruped
waltking machine prototype; Odetics sindegyed walking
machine: Ohie Siate Usiversily adapiive suspension
vehicte

signed to resist a heavy gravity load {(a vertical force). Be-
cause it is symmetrical with six legs, it is very dexterous and
can climb stairs and obstacles, It is technically capable of
wall climbing in the format of a spider (by hand holds) but
loses its load-carrying capacity because it is designed to resist
a force in only one direction, By redesigning the leg, this
weakness could be overcome although at & weight penalty.
The climbing task would also require an exceptional effort in
real time control software to balance all forces acting within
the structure,

About 1980, DARPA again established a walking ma-
chine project with Professors McGhee and Waldron {41, 62)
of Ohio State University. The resulting six-legged prototype is
shown i Fig. 3(c¢;. This device is intended to run at 8 mph
and to carry a significant load (300 Ib or more). The 3-DOF
legs were carefully designed to resist gravity forces as well as
significant lateral forces. Modified somewhat, it is capable of
climbing (with hand holds). The principal problem of climb-
ing will be the force balancing software which must be devei-
oped for all such highly parallel svstems. 1o this case, there
are a total of 18 input actuators which must be balanced in
real time to create only six output forces (for load-carrying or
for active force generation} if climbing and other generic
force functions are to be achiéved.

& Paralle! Structures. The walking machines in the pre-
vious section are all parallel in the sense that their active ele-
ments are distributed in simitar articuiated legs which act to-
gether to resist gravity, This section will deal with systems
which are based directly on parallel mechanical structures.
One of the first dexterous hands {Fig, 6(a)) was developed by
Skinner [39, 46]. 1t is operated by only four motors and is
capable of four distinct grasping modes. It can be made quite
rugged, is mechanically relatively simple. and is relatively
light. It can not, however, perform complex articulated mo-
tion of an object at its fingertips as is possible with the hu-
man Hand.

The threc-fingered articulated hand developed by Salis-
bury and Mason [35] is intended to be capable of dexierous
object manipulation as well as grasping {Fig. 6(b)]. Each fin-
ger as a module has 3 DOF and is controlled by four cables.
The total weight of the system s 14.5 ib. Each finger con-
tains cable tension sensors in order to monitor the grasping
force and therefore provide feedback to the rare earth drive
motors. Fingertip peak forces are 10 ib. This system i$ being
extensively analvzed kinematically to create force control soft-
ware in-order to make precise object manipulation possible.
This class of balanced force-motion control in parallel systems
is a problem of considerable interest to the research commu-
nity at the present fime.

A four-legged platform [21] for walking is shown in Fig.
6(¢). This light-weight device has four identical modules hav-
ing three inputs near the body which use pantograph ampli-
fiers (3 to 1} to get the desired output range for the foot mo-
tion. Each pantograph is designed to structurally resist static
forces without active force generation of the prime movers.
The system is specifically designed 1o resist gravity forces:
vet it shows an exceptional dexterity in its leg motion, The
foot contains a sensor pad fo measure contact pressure and cat
whisker feelers to provide proximity awareness of obstacles.
The overall impression is of an attractive balance of the re-
guired echaologies.

Probably one of the earliest papers dealing with paralle!
sructures was given by Stewarnt 441 in 1965, It deals witk
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F1G. 6. Parallel structures (a—f, left o
right, top te bottom): Moduiar
three-fingered hand (Skinner);
articulited threg-fingered
Salistury hand: four-legged
Jopanése walking robot; Stewart
platform concept; docking test
mechanism (based on Sfewart
platformy; link trainer (based on
Stewart platform}

platform. as the basis for a rugged dexidrous precision machin-
g system, Overall, all parties pointed out that parallelism
and modularity would make the svstem ceonomic. siiff, able
wr earry high loady. and be relutively Hphto it does carry the
penalty of lower desterfty for it size. o s w oooupy
much of us work volume, o reguires a igh level of farce
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control software to create a desired force output, and so on.
Nonetheless, it is the simplest possible strictly parallel device.
it can be operated by exceptionally simple kinematic analysis
{position. velocity, and acceleration) software, and 1t can take
on a large range of geometrical configurations at ail scales,

The mechanism shown in Fig. 6ie) is a docking test sys-
tem 431 based on a Stewart platform and operated in the me-
chartics laboratory at JSC. The platform is driven by six hy-
draulic cylinder actuators supported at each end by a 2-DOF
universal joint (to make a 6-DOF modular feg). The initial
use of the system was to test the docking mechanism to join
the Apoilo/Soyuz space ships. A complete dynamic model of
the system has been simulated and demonstrated in the test
moduje in terms of six load cells mounted on the support
frame of the docking mechanism.

One of the earliest robotic systems is associated with the
Link trainer [Fig. 6(f)]. This device |26} is intended to create
motions to duplicate the dynamic phenomena cxperienced in
flight by a pilot. The system is buiht with one hydraulic piston
in each of six legs. The legs are all identical, having univer-
sal joint connectors at cach ond. The system is considered o
be completely parallel since no two actuators provide forces
or motions which add directly. The system could also be said
to be highly modular since all the tegs are identical. The need
for very smeoth motion at refatively high accelerations {and
therefore high inertia forces) is best satisfied by this parallet
structure. This smoothness can only be obtained by excellent
coordinated motion and control. Many in the research com-
munity would do well to study the jessens learned in the op-
cration of this system.

7. Elememtary Actmator Modules. In order to design
unique robot structures and to be able to create a full architec-
ture for Tobotics. it 1s necessary to create building blocks of
prime movers combined with mechanical structure 0 form
structural modules [Fig. 7). The most obvicus source of inspi-
ration is the biological system of articulated joints best under-
stood in terms of the human structure. The human stracture
has been extensively studied by Morecki {32 and others. The
forcarm biceps are shows to be an “in-parallel” actuation of
the eibow joint. This points out that few brological joints are
operated by direct actuation at the joint. Most muscles operate
only in tension {the equivalent of tensile cablesy, which is
verv efficient in weight and allows for a high level of antago-
nism. which is cssensial for high resclution work as oceurs in
painting. writing. throwing. and so on.

OF course. it is clear that Leonardo da Vine: understood
a great deal about the mechanical structure of the human
body. But his contemporaries barely understood the most ele-
mentary principles of machines. The need to develop a sci-
ence of machines was pressing the community during the 18th
and 19th centuries. A breakthrough occurred with the work of
F. Reuleaux (1876), who showed how to unify the mechamn-
cal structure of machines using finkage chains [33] as basic o
his presentations [Fig. 7tb)]. The device shown is a spherical
4-bar {which reduces to a planar 4-bar when the sphere has an
infinite diameter). It is the most elementary nonlinear input—
output device that exists. He showed how 1o generalize this to
6-bar. 8-bar, and 10-bar mechanisms. He also suggested a
form of tvpe synthesis to create a full architecture of ma-
chines. He demonstrated this type synthesis on a large collec-
tion of positive displacement pumps. During the 60s,
Freudenswin [18], Woo 1668], and many others showed how
0y perform mamerical type synthess of linkage systems. This

sophisticated technique {based on graph theory) was used 10
show that there were exactly 16 eight-link chains and 230 10-
link chains. all kinematically distinct from each other. This
class of graph theory might be uscful for studying the full ki-
nematic architecture of V-DOF systems.

The remete center compliance device {12] shown in Fig.
7t has become ong of the best known add-on modules in the
field of robotics. It possesses unique first-order geometric
properties in a spherical geometry which extends its effective
instant spherical center to a virtual location in front of the
module. This cxtension makes it possible to passively accom-
modate asserbly forces to prevent binding from amplification
of contact forces, This requirement reduces the need for high
positional accuracy in the assembly robot and can aiso en-
hance the speed of the overall process. Unfortunately, where
precision operations must be maintained under force distur-
hances, the inherent sofiness of this module prevents
accurale tracking as would be required in grinding, rousng,
drithing. etc.

The actuator module shown in Figure 7(d) was created
by W. Brirton at Martin Marieuta [81. He wished to eliminate
backlash and therefore create a high resolution actuator. To
achieve this, he divided the torque ‘into two separate drive
trains which are preloaded antagonistically by using antiback-
fash gears. The system does add some weight and increases
friction somewhat, but it stll provides very high resolution at
low loads.

The actuator gevice shown in Figure 7{¢} is a robust sys-
tem of two hydraulic pistons driving parallel racks against one
pinion {51} The system is naturally antagonistic by balancing
the low and high hydraulic pressures, Unfortunately, the pin-
ton has to0 be smail and it drives a smail diameter shaft, both
of which result in some backlash and low stiffness. In addi-
tion. the need w0 control large local gear forces and high hy-
draulic pressures results in an unusually beavy module for the
level of torque output that can be achieved.

An older coneept originated in the Argonne National Lab
remote operations group is a cable driven wrist [ 10} which
exhibits good dexterity and hght weight [Fig. T(F}]. It uses a
differential bevel gear set to provide continuous rotation of
the end-effector. Unfortunately, light bearings, clese together.
with small bevel gears result in high backlash and low stiff-
ness. The system has proven useful in numerous designs but
its inherent weaknesses prevent its further implementation in
computer driven systems.

& Unigue Robot Joint Modules. Some particularly inter-
esting robot joint devices exist as structural units that can be
used as a basis for modular robots (Fig. 8). The first of these
is the ingenious linear hydraulic actuator [Fig. 8(a)} developed
i the 70s for the IBM gantry robot by P. Will {65]. This
driver is a continuous sinusoidal cam built on a rack which is
driven by a set of perpendicular hydraulic pistons which when
activated cause linear motion to occur along the rack. This
systern exhibits inherent antagonism, eliminating backlash. Its
main weaknesses appear to be leakage (unacceptable in a
clean assembly environment). required distinct power source
theavy and noisy), and the fact that it is relatively heavy with
respect 10 aliernate drive modules.

Probably the earliest attempt to make a modular robot
was by a team led by Don Adamski {29] at MB Associates
(now a subsidiary of Tracor, Inc.j in the mid-T0s. Westing-
house specified that no one part of & ruclesr reactor mainte-
asnce robot weigh move than 35 b so that i could be back-
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Fi(i. 7. Elementary modules {a~f, left to right. top to bottom): human arm showing in-parallel drive of elbow;
fundamental spherical 4-bar concept by Reuleaux (1876); remote center compliance (RCC) module (Lord
Corp.); Antibacklash drive gear train by Martin Marietta; oppesed piston gear and rack actuator; early

concept of a modular 3-DO¥ wrist by Guoertz at ANL

packed by maintenance personnel. The resulting design of 6
DOF. including supperting frame. was estinated w0 weigh
280 ib. could be separated into eight modules. could carry a
60 b load plus create a [80 Ib bracing force. and exhibited
an effective stiffness of 1500 ib/in. at the end-effector on a
60-in. long arm. The system was to be driven by specially
designed lightweight singie and double vane rotary hydraulic
setuaters using 2000 psi pressure, The breakdown module
{Fig. Zthil was a precision-fit quick-disconnect unit testimated
& bt which could be assembled by a single turn of a
th s conpectar collur Lip o 20 Oering hyvdrashc face
seals and 100 elecincal Bne connectors could be supphed n
the hreakdown module. Al ndications are that this design

met the siringent requirements associated with entry through a
I6-in. manway to perform fubing repair operations in the
PWR steam generator.

Recently. much work has been invested 2] in developing
a type of electric prime mover which can generate sutficient
torque without the use of drive trains [Fig, &c)]. This umt
provides exceptionally smooth motion with no backlash and
Hitle friction. A total rebot systemn has been bullt using this as
a driver concept. Unfortunately. in order 10 resist a reasonable
force. these units become seceptionally heavy aad large. They
have been emploved with succass m SCARA robots where ao
vity force acts directly on the joint prime mover. This type
of device does not easily resist foree disturbances and would
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FI1G. 8. Unigue robot joint moduies (a-f, left to right, top to bottom): linear hydraulic actuator concept by IBM
£Will)y: hyvdraulic robot link moedules ({MB Assoc.); direst deive muotor by Carnegie Mellon {Kanade):
actuator module prototype by Carnegie Meilon {Kanade); Cincinnati Milacron’s three-roll wrist; convept
of wrist by Rosheim

therefore perform poorly where precision tunder load distur- arm [36] Each module offers the option of a link extension

Bance muyl be maintaimad, slong the joint axis or perpendiontar to it A guick discoanect
The actuasor module shown in Flg, %) wes recnntly mechanicsl bayonet ook hes beern buil wio the moduls o al-

suggested by Schoiz and Kanade as 8 besis for 3 modualar w quick yemmt replacement. OF course. s sirailar effort for

Tesar and Butler: A Generalized Modular Architecture for Robot Structures



quick disconnect must be made for the control, current, data,
etc. on umbilical, The concept. at first glance, appears Lo be
too restrictive in the sense that no geometrical parameters ¢x-
ist in the joint to allow a general design to occur. In his pa-
per. Kanade presents a very attractive argument in favor of
modular robots.

Perhaps one of the most successful modules implemented
in un industrial robot [431 is the three-roll wrist of Cincinnat
Milacron [Fig. $tey} The diagram shows a series of bevel
gears which are sequentially driven by torque tubes in the
forearm of the robot. This allows all the actuators o be
placed hehind the clbow [see Fig. 2(d)] and to make the fore-
arm much lighter. Of course. the additive error in the senal
vevel gears does result in some backlash and the long torgue
tubes are very soft under load. Nenetheless. the wrist’s attri-
butes are sufficient to overcome these problems. It is excep-
tionally compact and provides large motion ranges {very de-
sirable in many automotive applications). It does exhibit the
condition of control parameter singularity when the three axes
of the wrist become colinear.

No discussion on modular robots ¢an overlook the mter-
esting wrist designs of Roshern {34 showssin. Fig. 8(f1
These devices show complex means to deive the wrist rota-
tions from remiole prime movers. In many ways. the designs
have # lot in common with automata. They do not exhibit u
high regard for precision. load capacity. friction. number of
parts. stiffmess, and soopfi, As g basis Tor a general modutar
robot architecture, these limitutions make their utilization un-
liketv. For special applications they may. have merit. For ex-
ample. for the low force application of spray painting. the 3-
DOF wrist shown in the figure might prove entirely
satisfactory.

9 University of Texas Strucueral Modules. The need for
modules i robots derbves from extensive experience in the
development of remote mainienunce systems for auclear reac-
tor arintenance tduring the 7081 [0 was perceived that main-
terance personnel would have w carry the robot in 35 b units
ter the work site. This would require @ high level of modular-
iy and quick disconneet interfaces. The modules i Fig. 9 are
partiaily due to this prionty [47].

The first module shown in Fig, 9ay is a secondary input
o 4 Targe scale system [49] 1tis essentiaily an cccentric
driven through a worm gear by @ small prime mover. It is
wcaled to be at 1% the scale of the primary inputs of the sys-
tem. It enables the ereation of a layered control that has been
called “controb-in-the-small. ™ These small inputs can be dis-
tributed throughout the system (both in serial and parallel
structures?, Recause much of the deformation under foad in a
robot ocours at very small scales. a feedback route to correct
for this deformation can be taken through these small actua-
tors dedicated to this task) without disturbing the global mo-
tion and inertial control tasks of the primary actuator system.
Also, should temperature. drift, and other “slow” effects oc-
cur at a lower scale. then another fayer {(say at 0.1%) of con-
trol could be implemented. This lavering of control not only
matches the scaie of the associated physical phenomena, their
related sensors, their control software. and so on, but they
also could be tinearized to allow the use of well established
lingar control echmigues.

The concept of a 1-DOF elbow [47. 31 shown in Fig.
Gty has been buiht and tested D i a dusl hydroubc system in
gonism driving 3 hakage amphifier 10 geserale a rotation
of 1A This device was bl 1o creste a SOO0 Bl tovgue s
g 4 et pressure on 2 L-is. dlameter piston. b exhibited

DY GE NECSSLArY !

almost no backlash. The duality of inputs allows three modes
of operation: pusiv-push for high resolution. push—pull for
high load. and push-preload to prevent backlash. The system
is now being considered for use with a powerful pair of elec-
tric actuator modules.

The 2-DOFE moduale 1n Fig. 9{(¢} is intended 0 be equiva-
lent to a knuckle [47. 51]. K contains four actuator pistons to
drive the two perpendicular joint axes in antagonism. Because
of the isometric configuration. the system shows uniform
stiffness in all directions. The duality of the hydraalic pistons
means that all the modes of operation of the efbow are also
available for this device.

The module shown in Figure 9(d) is intended for low
force applications where precision is not a primary concern. It
is essentially two half gimbais, combined with a central turn-
ing pair all locked together in a palr of cross-sliders. Each
gimbal is driven at the base joint as is the vertival axis of the
nandgrip. The systern can be made guite lightweight and ap-
pears suitable as the last 3 DOF of a modular manual
controtler 1251

The 3-DOF spherical shoulder {47, 31] shown in Fig.
O¢e) has been under development for 10 veurs. Al the joint
center lines meet at the center of a sphere. The system is
completely paraliel in that three identical “legs” of two links
cach are used to drive the eutput plate {three rotations about
the center of the sphere). The range of motien s approxi-
mately o 1407 cone. Each lower joint can be powered by a ro-
tary actugtor, Since all the actuators are on the fixed link,
their mass does not add to the inertia of the moving structure.
Because of the complex geometry. there are a total of 34 in-
dependent component forces acting on the bearings and actua-
tors of this module. But only 48 static equations are available
1 soive for all the unknown force components. Hence, com-
patibility equations based on link deformations must be used
w0 develop six more conditions. This has been done in a re-
cent report by Tesar and Craver [32]. A lightweight model of
this shoulder is now being assembled. A robust shoulder i3
also being designed for evaluation as a heavy duty shoulder
for an industrial robot.

The wrist concept in Fig. 9(1) has its origing in the
shoutder [47. $1]. If vou make all the base joints in the
shoulder concentric, the result is a spherical wrist with a cone
of mation of about 1007, 1t exhibits a high level singularity in
the center of the sphere, suggesting that careful control over
the input parameters would be necessary.

163, Modulur Robor Concepts. Most modular robot sys-
tems are associated with tasks in space of in remote opera-
tions in the nuclear cavironment. Figure 10 shows six exam-
pies of modular robots, most of which are hybrid in the sense
that the modules are placed in series in the structure (one
module, one Hnk. one module, ete. ). As we have seen in
walking machines and hand devetopment, this hybrid serial
chain is then used o form paraliel structures such as the
multi-arm devices in Figs. 1O(d~{}

The hybrid miniature manipulator {58} in-Fig. 10¢a} is in-
tendest as @ precision instrument to enhance the motor capac-
ity of 4 surgeon by a factor of 10, The device is a series of
2-DOF universal joints spectfically chosen so that preloaded
ieweled bearings providing very low friction could be used.
Recause of the small scale. no actuator 5 small enough to
drive the joints directly; herce. cuble drives (throe for each
create an aptagonni controd for hugh
reaotation——shmifar o the drives of the mulboable hand
shiowyr m Fig. 1681 A special minjatunized force somser and
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quick tool interchange holder would also be necessary to
make the device useful,

The concept [22) in Fig. 1((b} is an 8-DOF device made
up of two 1-DOF elbows and two 3-DOF spherical swash
plates (at the shoulder and wrist). [t is not immediately appar-
ent how euch of the swash plates are 10 be driven. whether
they can be made to be stiff and robust. and whether they can
operate with low friction. Nonetheless, the spherical swash
plate medule deserves attention because of its compactness.

The hybrid manipulator concept {361 of Fig. 10(c) is a
series of 3-DOF modules (one shoulder and a series of
wrists). This configuration is perhaps the most compact of the
serial systems in that 12 DOF can be packaged between three
basic links and the end-effector. This level of flexibility ai.
tows for superior obstacle avoidance while providing suffi-
cient dexterity to perform physical tasks even in a highly clut-
tered work volume and sull retaining a substantial level of
stitffmess and load-carryving capacity. The system is equivalent
1o a series of ball and sockets (41 with three basic links
whose location in space can be obtained by relatively simple
iterative computations. Hence, this highly dexterous system is
reasonably programmable by means of a structured software
algorithm.

Perhaps the first modular robot is the dual arm system
shown in Fig. 10(d), conceprualized in a 1981 design study
{16f by Carl Flatau and built and implemented by the Consol-
idated Fuel Reprocessing Program [15] of ORNL. The system
has all of its eight idemtical motor drives bevond the shoulder,
using muitiple torque tubes with gear reducers near the final
drive point for enhanced drive train stiffness. Seven additionsl
modules make up the svstem (fongs. wrist. éhhow. eic. ). Re-
cently. a dual arm M-2 svsiem by CRL was used with six
specially adapted fixtures to remotely disassemble (in 4 h}
and assemble (in 3.5h) one of these advanced servomanipula-
tor arms. It has a 50 |b continuous load capacity through 6
DOF and uses digital control technology for its operation. Be-
cause all the electronies and motors are beyond the shoulder.
it can be used in very demanding conditions (temperature. ra-
diation, efc.). The complexity of the drive train geometry,
however, prevents this robaot from being considered as recon-
figurable. aithough technical modifications (tech mods) are a
relatively simple matter.

A more recent modular arm systermn [61] has been created
by Robotics Research Corporation and is represented in Fig.
106e) as a duat arm system of 14 DOF. In this case, har-
monic gear reducers driven by brushless sumarivm cobalt DC
servo motors directly actuate cach of the joints in a sleek alu-
minum envelope which can be rapidly disassembled by means
of quick-disconnect band clamps. This system can be config-
ured from 3 to 7 DOF with joint torque capacities of 130 o
17.060 in-lb.. resulting in positional repeatabilities of a few
tenths of a thousandth of an inch. For example. the 7-DOF
madel k/B-127 weighs 160 1b, 15 4 ft fong. and has a 20
payload and a positional resolution of 0:002 in. An initial ef-
fort has been made to make the svstem intelligent through a
balanced criteria based decision-making software ta sampling
rate of 30 ms) to treat energy efficiency. joint load balancing.
imporved force capacity. and so on. The cogging oscillations
of the harmonic drive have been dealt with by an effective in-
wernal torgue loop control about each actuator. The system
clearly possesses real atributes, It is not inteaded. however.,
ty treat the diviurbance rejection problem sines i 5 relatively
“softT in e drive ram sruchire,

Fimally | the MIT wmiepresence ROV concept [837 &

|k

shown in Fig. HF). It includes multiple communication links
with the command center. a warehouse of replacement parts,
supplies. and tools. and not fewer than three dexterous robot
manipulators. Obviously, this ROV is intended to provide in-
orbit rmaintenance, repair, inspection. and supply capability to
satellites or other space-based platforms bevond the space sta-
tion. The systent is truly complex and can not be considered
as a near-term dévelopment inwended to perform only simple
assembly or repair tasks. To accomplish the level of technol-
ogy tmplied in this concept could well require two full
decades.

V1. Manual Controller Architecture, The series of con-
cepts shown in Fig. 11 indicate that manual controllers de-
serve their own intense development and architecture in order
o best support the man-machine objectives that allow exten-
sive human intervention and supervision of the robot slave
system. The work at ANL established much of our early mas-
ter-slave technology. During the 60s, however, GE attempted
to extend that technology {3, 20, 30, 31} in several prototypes
(Hardiman. Handyman, the walking machine. Man-Mate.
etc. ;. The Handyman prototype i Figure §1(a) is their dual
exo-skeleton manual controlier to operate a pair of slave ro-
bots. Clearly, this early sysiem was not optimum. It used a
master whose geometry was identical to that of the slave ex-
cept for size. This similarity allowed a direct one-te-one cor-
respondence of the electrical signals {current. voltage. resol-
ver. ¢ic.) between the master and the slave. This simplicity
meant that the force feedback was feasible even if it were
scaled down to match the capacity of the operstor. The prob-
lem associated with this arrangement is that-a 6-DOF master
could not control an 8-DOF slave, a slave whose geometry
was different from the master. or a slave whose character
changed during operation (to aveid obstacles, to enhance per-
formance. gtc.y. Hence, both the master and the slave were
reduced to the lowest common denominator——they were se-
verely compromised and neither could be optimized with re-
spect to their separate functions. Probably most damaging is
the fact that a single standoff master could not sequentially
controb a mix of slaves. This need to have one controller (to
reduce training effort, reduce confusion. reduce cockpit com-
plexity, etc.) forces the development of a manual controlier
whose geometry is matched to the task of interfacing to the
human operator. Then operational software must provide the
signal transformations to make the control of any slave possi-
bie. This next generation of controller technology is repre-
sented in the examples given in the remaining concepts shown
in Fig. [1.

The prototype in Fig. 11¢b) has been under development
for & decade at JPL by Bejezy |5]. It is essentiaily a pair of
gimbals {2 DOF in rotation plus one slider at the shoulder and
3 DOF at the handgrip), driven through cables by actuators
an or near the shoulder to make force feedback feasible. This
system now operates with real time software and performs
smoothly in its testhed. It is lightweight and almost friction-
fess, One of its limntations is that it does not fold compactly
for stowage 1o reduce clutter in the cockpit,

The nine-string handgrip manual coatroller {Fig. 116¢)]
has also been under development {35.37] for a decade by
Tesar et al tat the University of Texas at Austiny. The length
of each siring s measured by a potentiometer. This length
data for three strings attached o a pomt on the handgrip (to
formn a terahodron can Do used to caleulate the point one
netes in the controller refersnce. This computation i %
simple. s dertdcal for each of three points. and csn be done
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casily in real time to locate the handgrip in spatial coordi-
nates. This set of coordinates can then be transformed
(scaled, reoriented, filtered, smoothed, eic.) into end-effector
coordinates of the slave robot. A force sensor on the slave ro-
bot wrist creates signals which can also be tansformed to be-
come effective forces at the handgrip. These handgrip forces
are generated by & combination of constant preumatic piston
forces and variable (under serve motor controls string ten-
stons. This set of force component transformations is rela-
tively simple and can also be achieved in real time on generic
iaboratory compulter systems. In addition, the signals from the
manual controller can be sent to a graphic workstation to con-
trol a simulation of the robot in its work volume in real time.
These systemns are now fully interfaced and running in real
time in the Texas testbed. Ghosting of the robot (predicting
where it will be graphically before it actually moves) is also
feasible in this system. This type of technology may prove
useful in bridging the man-machine interface problems asso-
ciated with master—slave signal ttme lags.

Under grant support from JSC, the Texas team is pursu-
ing an in-depth architectural study of manual controflers since
the next profotype could essily. cost $250.000. An carly con-
cept [251 is shown in Fig. 11(d). It is equivalent to an 8-DOF
geometry. It has a vertical axis at the base, a spherical shoul-
der ¢3 DOFy. an in-parallef driven etbow, and a spherical
wrist (3 DOF). Given lightweight actuators {a real problem in
these systems), this system would be lightweight, stowable.
and eastly portable tperhaps in a small suitcase;. The reason
for the extra 2 DOF is to provide choices for enhanced per-
formance to better match the needs of the operator. to better
represent forees o the operator. and so on. In effect. the sys-
tem can be made mtelligent because structural choices remain
for the operator to improve the overall preformance of the
system.

Additional concepts |25} are under study fsee Figs.

FHe. 1] One s a three-legged Stewart platform (6 DOF)
combinted with a fightweight gimbai at the handgrip (3 DOF)
to form a 9-DOF testbed prototype. The first six actuators
drive joints in I-DOF universal joints at the bottom of cach of
the legs. The system may be made exceptionally lightweight
above the base plate if the handgrip gimbal is removed. Also.
it can easily fold flat for compact stowage. Using carbon fiber
links. kigh quality bearmgs. suitable ball and socket joints on
the upper plate, and the very best of geared actuastor design
should preduce a near optimum manual controller capable of
exceptional performance and able fo drive a slave in a stand-
off position. -

The prototype concept in Fig. 114f) has six legs and 2
somewhat simpler actuator arrangement at the bottom of each
leg. At first glance. the structure fooks more complex than
that in Fig. 11(ey. A full study of the criteria (which are nu-
merous) of operation in a testbed is essential to make a final
selection.

MODULAR ARCHITECTURE FOR ROBOT
STRUCTURES '

The present generation of intelligent machines is subject o
basic Iimitations that need to be rectified before robetics and
other advanced manufacturing systems can be rapidly inte-
grated o prosent-day operations. The Urversity of Texas
program B aggressively pursuing & modularty sporoach
which could merease the market potential and decresse the

design cycle time of robots and similar precision machines.
Modularity addresses the problems of precision, control, sen-
sory perception, and design is such a way that near-term solu-
tions are possible and long-term growth in intelligent machine
systerns can be assured.

Currentty, lack of precision is a serious shortcoming in
robotic applications. Even though positioning accuracy can be
as high as 0.05 in.. positioning under load can be disturbed
as much as 0.2-0.4 in. due 1o {lexibility in the structure. The
associated deformation may be the result of dyvnamic forces
which are usually known. or it may originate {rom task opera-
tions such as routing or force fitting which are usually un-
known values. Jigs and fixtures constitute the current solution
to this problem. However, since jigs and fixtures are product-
dependent and expensive, they are a barrier to the CAD/
CAM-database factory of the future.

Numerical control requires a precise control algorithm,
No generai mathematical formulation now exists for the con-
trol of maniputators of more than the most elementary geome-
tries. Point-to-point programming is the most common form
of task definition. and. since compwtations are not required to
be performed on-line. real time control is not utilized. Intelli-
gent control in the form of updates compensating for the
changes in the work environment and loading can not be
achieved until real-time formulation of a4 dynamic modet is
possible, The University of Texas team now has the full iner-
tial and deformation model of a generalized 6-DOF serial ma-
nipulator operational on an Analogic AP-300 pipeline proces-
sor in 5.6 ms{64]. The system can also address an extended
N-DOF serial structure [54],

Sensory feedback is widely accepted as one of the key
components in research in robotics. As a resuit. important
gains have been made in the fields of viston. tactile. force
torque, and proximity detection. Force torque sensing is espe-
cially important for man—machine communications and en-
hanced machine intelligence. The exceptionaily few such de-
vices employed in present svstems indicates the low level of
machine intelligence currently available. Joint positions repre-
sent essential data in dynamic apalysis formulations. Progress
has been made on position encoders and resolvers, Unfortu-
rately. high cost for the required high resolution remains a di-
temma for designers today.

Because of the generality of motion during operation and
the large number of system design parameters, the design of
manipulators is an expensive, time-consuming and chailenging
task. The sheer magnitude (48] can be illustrated by noting
that a generic 6-DOF serial manipulator (the simplest of all 6-
DOF structures) can have as many as 18 geometric parame-
ters, 42 mass parameters, 36 deformation parameters, and 1%
actuator parameters. The design and development of such a
generic structure can be expensive in terms of resources, The
Cincinnati Milacron T3 series required $7 million and 7 years
of development to bring to production. The first shuttle ma-
aipulator was delivered {427 at a total cost of $100 million.
The next gencration of shuttle manipulator is estimated to cost
up to 51 biliion.

In order to atlow designers and users to guickly assimi-
late advancements i technoiogy and rapidly adapt to shifting
market demands thence to prevent obsolescence). a compo-
nent approach must be apphed to intelligent machine systems.
Modular joints, prime movers, software. and seasors would
sisnplify solitions 1o the presem problems and sllow flexible
adapation of new advances o existing modular systzas. Sys-
tems could be updated without majoy disruption of production
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in the workplace, and large capital outlays for modernization
could be avoided.

The previous section of this paper presented a broad
overview of the present character of robot structures pointing
out the gradual integration of modules in this technology. The
objective of this section is to show how a total architecture
based on modularity can be credted without reducing any
choices left to the designer. This architecture must not exhibit
any principal voids if it is to be productive in generating a
higher and more complete level of understanding of robot
structure. This completeness is the goal of this presentation,

V. Undriven Joinrs. All joints in a serial arm have to be
driven by an actuator if controlied motion is to be achieved.
On the other hand, paratlel structures can be made of & mix
of driven and undriven joints. The nature of these joints be-
tween adjacent links has been known to kinematicians since
the time of Reuleaux ¢{1876). Ignoring the screw joint, there
are intotal six such joints (see Fig. 12). The first is a simpic
mirg joint. the revolute. shown in Fig. 12{a). The second is
a simple sliding joint, the prism. shown in Fig. 12tby. Both
of these joints provide [-DOF constrained motion between
neighboring finks. Next there is the universal joint. which
provides 2-DOF constraint between two links {see Fig. F2(c)].
It is the equivalent of two revolute joints in series fusually at
90° to each otheri. The other 2-DOF joint is the cylinder.
which provides a combination of sliding and rotational con-
straint between neighboring links see Fig, 12 In fact, &
cun aiso be represented by a series of one prism and one re-
volute juint. The next joint is the equivalent of a ball and
socket and provides three rotational constraints between the
two bodies [see Fig. 12(e}]. Taking three revolutes in series
such that their axes intérsect at the center of the sphere pro-
vides the same effective constraint as the ball and socket, The
final joint is the piane joint {Fig. 12(1)] which provides 3-
DOF pianar motion between neighboring tinks. This can also
pe achieved by three revolute joints in series if ali their axes
are paraliel. This structural constraint approach is fully em-
ploved by such robot geometers as Duffy [13.14]. Kinemati-
cally, it is shown that every mechanical structure can be rep-
resented by combinations of revolute (R} and prism (P} joints.
In other words. the architecture of robots begins at its most
elementary level in terms of these twa joints.

2. Acmearor Modudes. The next fevel of the architecture
involves the development of three basic actuator modules (see
Fig. 13). The first (Module M1) is 4 module whose axis of
rotation (with a range of 2707 is inténded to be perpendicular
to the centerlines of the attached links [Fig. 136} as in an
elbow joint. The second (Module M2) has its axis of rotation
{continuous) atong the center lines [Fig. t3(b)] of the links
tas in the human forearm). The fast module {Module M3)
provides a linear motion berween the two neighboring links
along their cemer Hnes {Fig. 13{c)].

Existing industrial drive systems usually include the fol-
lowing items: encoder. brake, motor, drive train, arid joint
bearing. Each of these is provided with its own heavy case.
bearings. mounfing plates. wiring interfaces, and 50 on. No
thought Has been used o hutegrate them into a combined
whole to reduce weight. to make them more compact,
make them easily scaled. and so on. A vigorous effort is now
underway ar the University of Texas to previde this balanced
spration as a first priority. The benefits of this development
reiafive o the drive technofogy o present industrial robuts
can be estimated as

Criteria Benefit

b. weight 310 x lighter
2. compacingss 3-5 ¥ smaller
3. stiffness 3~10 = stiffer
4. interfaces 2-4 % fewer
5. number of beanings 3 % fewer

6. redundancy 2 X greater

This listing of benefits could be continued. The most dramatic
benefit is that of easily scaled modularity to create an ex-
tremiely broad architecture of mechanical systems far beyond
that which is now available. This means that a series of stan-
dardized elbows {1 DOF), kauckles {2 DOF), wrists (3 DOF),
and shoulders {3 DOF) as system structural modules can now
be designed in depth. Each DOF will require its own elec-
ronic module with standardized interfaces to the actuator
module and perhaps a redundancy of I to enhance safety and
to reduce downtime. These electronic modules would handle
the encoder data, controf the motor, monitor the brakes, ob-
tain current and torque data from transducers, and so on, in
addition to providing standardized interfaces to the system
controller. Each of the actuator modules would be designed to
have a semiindependent dual motor drive system to create a
factor of 2 of redundancy throughout the system. Once the
1.2.3-DOF modules existed n standardized easily scaled
units, then carbon fiber could be used tn structural compo-
aents such as links and undriven joints in a finite number of
standardized shapes and sizes to complete the given mechani-
cal system. DuPont has just announced a pitch-based carbon
fiber which is five times stronger and stiffer than good steel.
Because of the great weight reduction. this development sug-
gests that structural components can also be dramatically im-
proved with a possible benefit ratio of 5—1{} times. Then a
system controller and generic software system would be nec-
essary to operate this generic architecture.

As a projection into the future, MIT has announced that
ceramics having some ductility can be produced for supercon-
ducting applications (necessary for motor windings). In addi-
tion., materials scientists indicate that it is possible to use very
pure copper at liquid nitrogen temperatures to obtain much
stronger magnetic fields than are usually achieved in present
electric motor designs. Hence. the actuator module should
now be developed to take advantage of the potential for in-
creased power density (perhaps by a factor of 4-5 times).

The potential combined benefit of all these distinct imple-
mentation factors is enormous. Considering the multiple bene-
fits. the combined improvement factor would be between ap-
proximately 10* and 10% This benefit ratio not only suggests
that a revolution in mechanical technologies is feasible but
that it could match the excitement now associated with micro-
electronics. It then becomes primarily a question of invest-
ment and strategy to make this revolution a reality.

3 One-DOF Actuated Joints (Elbows). It is now possible
to show how to use the three actuator modules described in
the previous section to drive all possible 1-DOF joints (6}
which may be called “efbows™ (sce Fig. 14). The possible
Varsations are;

a. M1 inside Yoke—The actultor modele is contained in the
vodtne of Hak 1 while fink 2 forms a yoke on the oute
side of fink 1. It forms & compact, simple assembly -
towing g fo 2T of rotation.

Manufacturing Review vol 2. no 2, June 1989



{a) ih) e}

Lk ]

Laink ! ] |

id) (e} i)

FIG. 12, Undriven structural joints (a—f, left to right, top to bottom): revolute joint (1 DOF):
prismatic joint (1 DOF): Hooke's joint (2 DOFY cylindric joint (2 DOF); ball and
socket joint (3 DOE); planar joint (3 DOF)
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FIG. 13.  Foundation actustor modules (a—c, left to right): models 1-3

b M7 In Yoke Branches—Divide M1 into separate halves as in elhow shown, in base of robot, in forcarm. or last
and place fw cach branch of the voke. The result is » driver before the robot and-plate. Not as rugged as a and
compact simple agembly. providing 270° of romtion and b oabove for the same weight, Relatively compact for ex-
somewhat more rugged dhap o above, ceptonal dexieniy.

. Ml Overlapping Links——Continuous rotation of two links d. M3 in Prigm Joou—Here module M3 doives a slider

Tesar and Butler: A Generalized Modular Architecture for Robot Structures
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roint by means of a bullt-in ballscrew . Special care must
be employed 1o make the shding joint hight, stiff, and
substantiafly frictionless.

M2 in Parailel—Driver acts a5 an inverted slider crank
mechanism 111 the same fashion as hydraulic pisions are
used. This system provides abeut 1407 of rotation. s
very siiff i3 the divection of rotation and can be used 1o
resist large forces Jas in backhoes, see Fig. lic) or heavy
Hfting svsterns. see Py Jay] These sysens could be
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One-DOF actuated elbow joints (a~f, left to right, lop to bottom): elbows 1-6

doubly actuated {Fig. 9¢b)] but it would be difficult since
the baliscrew is largely non-back-drivable.

M3 in Parallel with Linkage—Here the linkage is used to
amplify the output of the actuator to make 270° of joint
rotation possible [Fig. 1(cy. The system can be made very
stff bul at the penalty of more bearings and hnks (more
weights and therefore it 15 less compact

A, T f30F Arpueted “Enpedley”  Enockizs can be

thought of as devices which combine the refative motion of
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three neighboring links in series. The first three examples
{Fig. 15) are general. preserving alf the link parameters (3
between the joint center lines. The second three examples
tFig, 163 show three isometric physical configurations where
the revolute joints are perpendicular to each other. The first
case {Fig 15 will be described now,

&.

F1G. 18,

I8 Artudtan
Moge

FigG. i6.
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T'wo Roration Joings in Series—Open chain of three Haks
Joined by two revolute joints imedule M1 whose center-
lines are located relative to each other by three link pa-
rameters. A common condition in robots is to have the
two center hines paratlel tonly one link parameter re-
mains). In this case. if Hak 1 is fixed. it is possible 1o
use a point in link 3 to track an arbirrary planar curve (as
with b and ¢ below}.

One Revolure and One Prism in Series—Results in a
comunen pair combining a revolute 1M1 and a sfider
(M3 n series. especially if the joint center lines intersect

at 90° which reduces the number of link parameters for
design to zero.

Fwo prisms in Series—It is possible to use module M3 to
provide linear motion between links | and 2 and links 2
and 3. When the angles berween the joints are 90°. the
Cardan coupling between offset rotating shafts results.
This is frequently used as an v~y support structure in
gantry robots, Extending this to three joints creates the
COMMOon v~y—2 system as used in the IBM robot. If sl
three axes intersect. the numbr of design parameters has
been reduced o zero.

The unique configurations shown in Fig. 16 will be de-

scribed next. Note that since the axes intersect at 90°. there
are no geomelric design parameters.

d.

Two-DOF Gimbal in Rowtivn—When the two serial re-
volute joint centerlings intersect at 90°, the result is a
special geometry freguently found in robots. I the first

ial ib}

3 A Fu
! f:fgf:fef #7
Lamk 1
ihi

taj

wniversal folnts: intertor cross knothie thased on unbversal joini)

i)

Two-DOF general actuated knuckles (a—c, feft to righti: two revolute joints in series: one revolute joint
and one prismatic joint in series; two prismatic joints in series

177 Actugtor
Moot #F

£

Two-DOV kuuckies with perpendicslar sxes (m—o. 1eft to rightt plambalhased knackie: exterior frame knookle (hased on



joint uses two M1 halves in a yoke (link 1) and the sec-
ond joint uses two M1 halves in an inner box structure
{link 2). the result is a 2-DOF gimbal structure, The joint
rotations between links 2 and 3 generally can not exceed
140°.

b.  Acruator Modules in External Frame—Put all four M|
fnalf modules in an external box frame {link 2). each pair
{on intersecting centérlines at 90%) driving an internal
voke on links | and 3. The operating joint rotations <an
not excead 120°. This systern structure can be made com-
pact and exceptionally rigid and isometric. Each DOF
could be driven in-parallel by module M3 if drive stiff-
ness i$ a top priority {see Fig. 9(cii.

o, Actuator Modules wirh Internal Cross— Attach all four
M1 half modules to external vokes driving an internal
cross member {at 90° similar to a universal joint found on
vehicle drive shafts). This system is exceptionaily com-
pact but not as rugged as b above. Rotation core of ac-
tion may approach 2707

3. Twea-DOF Parallel Planar Motion. The objective is to
create a rugged paraile] structure which can follow an arbi-
trary pianar curve. This is achieved by using actuators near
the base joints of the system in order to reduce the moving
mass of the system Fig. 17).

a. Twe-DOF it Parailel (Rotadional [nputsi—Combining
two sets of two Bnks jeach with two rotary joints. Fig
15tay] to track the same point forms a parallel structure
(known as a 2-DOF 3-bar linkager with M1 modules at
the fixed link pivot joints. This parallel structure is nor

i
SR 17, Twe-DOF puraliel planar metion: 14, topy DBOF
crami-operaied planar curve strycture; (b, botfomy I-
HOF stider-operated planar curie sirocture

mally more rugged and involves less moving mass than
the elementary serial structure. For example, the two up-
per links experience forces primarily along their center
lines (two force members). which they can casily resist
with small mass content.

b,  Two-DOF in Parallel i Translational fnpuis)—If two se-
rial systems such as those shown if Fig. [3(b) are com-
bined to trace the same planar curve, the resulting system
is a paratiel structure in terms of an M3 module in cach
side of the structure, This type of structure is exception-
ally stiff relative to forces acting on the tracing point.

6. Three-DOF Planar Motion. The refative motion pro-
vided by a plane joint {Fig. 12(f}} is the same as the 3 DOF
which results when two flat surfaces move relative to each
other (two in translation and one in rotation}. This type of
motion can be achieved in several different ways {see Figs.
18 and 19y, The serial case in Fig. 18 will be described first,

a.  Three Revolutes in Series—Four links are jeined by three
rotary joints with paratlel center lines, cach driven by an
M1 module. Fixing link 1 and putting the parallel center-
lines vertical forms the 3-DOF SCARA assembly robot
{by Adept in Fig. 2(c)H.

h. (ne Revolute and Two Linear Joints—Here, four links
are joined by 1wo fnear joints (module M3) whose center
Tines intersect a rotary joint line at 90° (modute M1},
This is not a very comimon combination because of the
weight and size of the lincar joints.

The completely paraliel planar motion devices in Fig. 19 will
now be described.

(a})

ihi

Figr. 18, Three DOF seriat planar structyres: (g, top) 2DOT
plapgr seriel sireeture bosed on threr revelute fuints:
b, Botiow planar serigl siroviere based on one
revoluie snd fwa prismatic joings
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w55 pletely paralle! planar 3-DOF robot system which is ex-
Er ceptionally rugged [Fig. 19(b)]. Again. an extra leg (in-

. o T paraliel) can be added for improved force control.
o ¢, Three Small Inputs for Lavered Controi—The parailel
Excess of Parallehsm  Acuaar Model 41 system is ideally suited to putting in lightweight second-

for Force Comeet %M%

ary actuators driving small eccentrics to create a separate
ATy

Q@ ; small motion actuation system [Fig. 19(c)]. This system
ta) o ' allows layered control to be part of the total architecture
of the device. The concept can be generalized to all robot
structures. It is ideally suited to compensate for small de-
formations which result from measured force disturbances
on the structure and therefore to ensure a significant im-
provement in precision path tracking 149].

7. Three-DOF Spherical Motion. The simplest spherical
motion is provided by a ball and socket joint, But this type of
joint can not be driven directly. The following shows how to
create spherical motion by using rotary actuator module M1i.
The first three exampies are serial (Fig, 20). .

Actumor Modei #3
—

b}

a. Three Retary Joinis in Series—Here. four tinks are
joined by rotary joints driven by M1 modules whose cen-
ter lines all intersect at the center of a sphere. Because of
the large twisting moments involved, this structure is dif-

Eccenime with Offser e

i 5 Actaues Moge: %)

Pramary input

Sccondary ot

FIG. 19. Three-DOF parallel planar structures: {a, top} feeaararn
3-DOF planar paraliel structure with crank inputs;
(b, middley 3-DOF parallel planar structure with slider o
inputs: {c, bottom) paraliel structure with three large (a)
and three small inputs for lavered control

s
LI
BRI AT E it o
z woTE P AF

a. Three DOF in Paraflel (Rotary Actuarorsy-Consider a
rigid triangle with each apex driven by a separate rotary
crank (module M1) through s connnecting binary tink
[Fig. [9(a)]. This is probably the ideal totally parallel
pianar mechanical structure. Note that all joint axes must
be parallel to previde planar motion. Because all the ac-
tuators are on the fixed base, very little mass is moving
in this system. Only the cranks experience significant
bending deflections. The rest of the system is remarkably
rigid against normal planar forces. The concept of “brac-
ing” in the form of extra supporting structures {usually
lightweight and used oniy on demand) can be used to
stiffen an otherwise weak serial structure. The concept
can be best understood in wrms of parallel structures
where it can be thought of as a part of an integrated and
balanced design. Here. a fourth “leg” is added o allow a
full e atilization of an extra input driver system (in-
parailel} for improved force contrel. The control software
then can use any three legs or all four if necessary to
provide a significant improvemen!t on the systems track-
ing capability under force disturbances, FIG. 28, Three-DOF serial spherical shoulders: (s, top) 3-DOF

b, Three DOF iy Puraflel (Linewr Acmmigorsy—In this case. *?iﬁé‘:'i‘:a; S@’E?f ﬁim&%‘f?{‘fiﬁ* axididle) Compact LDOF

) ; ) B e seriat drovtare (ol soherfoad anes a8 By (o, bottem:
the rofary actustion system in Fig. P%ar o replaced by 3-DOF serial structure with central joist driven in.
three hinear actuators Omodule M35 This forms a come paratiel

ch
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ficult 10 make rugged. I the angle between the succeed-
ing axes is 90°, the system results in a common wrist
configuration (used in the Kraft and IBM robots).

b, Three DOF Compact Shoulder (or Wrist)—Put an M2
module on the base which drives a yoke {two M1 halves
at 90° to the base center ling) which then holds an M2
medule inside the voke. This is a very compact and rug-
ged serial shoulder. The same series of modules can be
used as a lightweight wrist at the ead of a robet. Recail
that to provide spherical motion, all axes must intersect.

¢. Three DOF Compact Shoulder (Middle Joint Driven In-
Paralleh—In item b above, the yoke joint is driven in-
parailel by module M3. This makes a very rugged and
stiff shoulder. although not as compact.

The final twe examples are completely parallel and may
be thought of as the planar system shown in Fig. 19(a)
wrapped on a sphere.

a.  Three DOF Parallel Shoulder {see Fig. 9teri—1f three
sets of serial links are used to drive the same output link
ilink 43, then a completely paraliel shoulder module re-
suits where all the drivers (M1 modules) can be on the
fixed link. A preloaded ball and socket can be maintained
in the center of the sphere for load-carrying capacity if
desired.

B, Three DOF Parallel Wrist |see Fig. 901 1i—Consider ult
the fixed axes of the shoulder o be concentric to form 2
wrist which can be driven through torque tubes along the
center line of the robot forearm.

8. Generalized Serial Strucnere. The objective is to pro-
vide a general mechanical architecture by combiming a series
of links with 1 DDOF joints in-between. This mouns that the
weight of most of the actuators have w be carried by the
maving structiere. Al forces. errors. deformations. and so on,
are additive ina serial structure making it the fcast rugged
and Jeast precise of alt possible archiectures. To be general.
cach link will contain two joint center iines [having an oifset
oy, a twist angle (ar. and a distance ) along the ok oy
three parameters: see Fig, 21 In most robots, the only vart-
able 15 cither the offset between the joints (when they are par-
alleh or the twist angle fwhen the point centerlines intersect)
witich is usualiy fixed at 90°. The reason serial structures are
usaet 1s that they provide a maximum level of dexterity, excel-
lent vhstacle svoidance. simplicity of force analysis and de-
sign. eapimal intrasion into their workspace. small footprint,
compact stowage. and so on.

a. AN Rotary Joints—Today. aimost all serial robot struc-
tures use rotary joints. Some of the joints are driven by
in-parallel ballscrews. The normal number of jotnts 1s
six, resulting in a totai of 18 geometric parameters 1o de-
fine the structure.

b, Mived Rotary and Linear Joints—Any combination of ro-
tary and lirear joints is possible in a serial structure. Ex-
cluding the screw joint. zll mechanical architectures can
be built from combinations of Hnear and rotary joints.
This is why the most fundamental level of modular archi-
tecture can be driven by M1, M2, and M3 actuator
madules

G Generatized Puratle! Sirucmre. Paralle] structures
Have Been known o kinematicians ever sinee the tme of Heu-
keaux (761 Such structures wers sshanced in thelr impor
ance by Sewart (19651 when he gave an iredepth presenta
ton on what has become known as the Stewart platform

FI(;. 21. Ultimate serial structure hased op prismatic and
revolute joints

Paraltel structures have atiributes quite different from serial
structures. The input actuators can be distributed anywhere in
the system where there s a DOF. The forces within the struc-
tare are distributed as are the errors (position. velocity. ete. g,
deformations. backiash. and so on. This means that no one
part of the system becomes o “weak Hnk™ as can happen in a
serial structure. in general, the parallel svstem can be made
much more rugged with small effective moving mass and
provide much higher precision motion tracking under torce
disturbances.

a.  Stewart Blatform (5ix Legsy-—Each leg of the platform
[sce Fig. 6(e)] comtains a hydraulic pistor as a driver (or
by module M3J as a driver. This system is widely used
as the support for the LINK pilot training system fsee
Fig. 6f3}. Each leg could be driven at the base by a re-
volute with a knuckle along the leg and a bail and socket
where the leg joins the platform |see Fig. THT )|, This
device can be miniaturized to make the University of
Texas micremanipilator [see Fig. 313

b Stewarr Plaiform (Three Legsi—Each leg is driven by
two revolufe joints at the base in a gimbal format {see
Fig. t1{e)}. The leg contains an clbow and sphencal joint
at the top where it joiny the platform.

¢ Duat Arms—Here the obiect is held by two 6:DOF serial
robots to provide a dual or parailet structure with anm ex-
cess of six inputs. Multiple arms can alse be considered
in a generalized parailel system [see Figs Hd—{1}

d.  Homds— Bssentially, wdentical fingers (thres of more) are
ssed o controb an obfect ar b finger s Bach linger
may be driven by fwo OF more sClustons i series depend-
ing on the lovel of force contral desireit [see Fig, 6ibil
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e. Walking Machines—Walking machines are composed of
two or more identical serial legs with various numbers of
drivers. The six-legged machine by Odetics comains three
drivers in each leg. It is specifically designed to resist
gravity forces {see Figs. Sta-ct and 6oy

f. Generalized Parallel Svsrems—Essentially a multiplicity
of “legs”™. ~loops.” or combinations can be assembled
and operated if it is considered that each joint is driven
by an actuator for each equivalent DOF (see Fig. 223, If
# s recognized that every joint in a serial system must be
driven. it can then be considered as a subsystem of the
ultimate parailel system tmultiple legs. drms. fingers.
ete.) where every joint is driven. This then allows for the
development of a generalized mathematical description
(see Freeman and Tesar |17]). Having the generalized de-
scription as a modeling tool enables the designer 2 maxi-
mum flexibility of selecting the best actuater locations in
the structure. [t turther caables the software designer a
meuns 10 balance the use of excess actuator inputs in the
syster iy order o enhance the system’s overall
performance.

{0, Hybrid Structures. The concept of hybrid structure is
the combination of structural modules of 1-. 2., or 3-DOF in
a larger system. This fevel of modularity allows for optimum
design of the individual modules. leaving the svstem design
twith much fewer parameters) to a later stage in the develop-
ment process,

a. Seven-DOF Modulur Arm—This arm is now becoming a
standard where a 3-DOF shoulder and a 3-DOF wnist are
separated by a 1-DOF elbow {see Figs. 3ta) and 1 lidy].
The Robotics Rescarch Corp. arm is of this type [sce
Fig. 10iey].

b, Guntry Svstems—The first 2 or 3 DOF are rather iong
lingar joints to form the gantry {see Fig el Suspended
below this x—y platform is a 4-6-DOF arm. The combi-
manien atlows coverage of a large work volume.
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c. Nine-String Manual Controfler—The University of
Texas' nine-string manual controller involves three mod-
ules attached 1 a handgrip at three points {in-parallel).
Each module is a pneumnatic piston constrained by three
strings to form a tetrahedron [see Fig. tlicy]

d.  Snake Robor—Several snake robots are now being con-

sidered. The Odeticys concept involves 2-DOF senud knue-

kles combined in a sertes of 135 or more modules {see

Fig. Hol The University of Texas concept involves a

series of 3-DOF shouldders tthe first is parallel. the rest

are serial} to form a system of four modubes and a total
of 12 DOF [see Fig. 10(cy].

General Hybrid Structure—The work of Tesar and Sklar

{5331 showed how to create & dvnamic model for a manip-

ulator structure (see Fig. 23) composed of a selection of

parallel-driven modules (elbows, knuckles, wrists, shoul-
ders. etc.). Onge this level of modeling is achieved. the

hvbrid structure can be considered as a substructure of a

paraltlel structure us shown in Figs. 3e), 60dy, 10, and

b

n

L. Lavered Scales. The objective is to mix several
scales of input to govern the total motion of the system, To
be effective. the same number of inputs ($ix or more) must
oceur at each scale. The lurge motion might be thought to be
at scale 1 The motion of dexterous fingers is at approxi-
mately @ 10% scale relative to the scale of the human arm.
Detormations are of the scale of 1% hence. 2 set of inputs o
match this would enhance precision and resolution. Finally,
problems of electrontc drift, temperature, and so on. might be
taken care of by a 0.1% scale of inputs. This would then
comprise a four-fayered control systemn.

a. Cherry Picker Configuration—Should 4 stable reference
base be required within a large work volurne while per-
forming quite delicate and precise small-scale tasks, then
a combination of 4 Jarge 6-DOF transporting arm pius a
lightweight precision mampulator, in series, fo make
what ts called a “cherry picker.” appears to be one alter-
native 10 an ROV, This configuration occurs frequently in
natire. 1n high voitage line maintenance, and in the pro-
posed Flight Telerobatic Servicer (FTS) for NASA. This
scale combination allows the bumian w write, paint, and
carve within a relatively large work volume without the
need to move the shoulder.

b, Micromanipuiator—In this module, a parallel 6-DOF

small motion device is attached to the end of the robot to

provide a high resclution vernier motion system for en-
hanced precision and disturbance rejéction [see Fig.

36

Control-in-the-Small—Here. 4 series of small scale inputs

{say at the 1% scale) is distributed throughout the struc-

ture {49] for a generalized capability for improved preci-

sion and disturbance rejection jsee Figs. 94a) and 19(¢)].

]

CONCLUSION
The subject of architecture of robotics has been dealt with
from the structural point of view with special emphasis on
modularity. It 1 clear that modularity can be achieved at sev-
eral levels (the prime mover. the structural module, number
of DOF in the module. interface echnelogy. etc b The archi-
tre whsch results maximzet the number of physical pa-
Hable (o the designer so that be has a full se-
B oo design dink dimensioags between

fection within whic
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FIG, 13, General hyvbrid manipufator
chain

modudes, sequence of the moedules. aumber of DOF i the se-
guenced modufes. vte.1. OF course. there are hiteralty billions
Cof svwtems wiich can be derived from the hundreds of design
purameters available, Hence. a strategy for design must be
developed which witows optimum results to oceur in snxdler,
more addressable packages. This s the primary design argu-
maent i faver of moduiarity in robotics, The actuator moduies
cetbesa s, knuekles, shoulders. wrists, ¢te . can now be rreated
de sepurite ontitics which can be designed m-depth. provided
with gencric mterfaces. clussified in terms of scafing rules,
and so on. Once these packages exist i optimum units. they
can then be ntegrated into a system which then would con-
fain far fower available design parameters and therctore be-
comes much more tractable to the designer. This versatility
means that the designer would be able to consider @ much
broader range of options and would more likely tuke a top-
down approach. Previously. the designer tried to make evolu-
tionary changes in previous designs without having the capa-
bility to make dramatic changes which could provide enor-
mous benefits.

There is also the threat of obsolescenve. The designer
fears that a heavy investment could result in a system which
fs obsolete or which can not rapidly adapt 1o emerging tech-
nologies. The model of the personal computer can provide a
henchmark for the benefits of modularity i another system
architecture. There, the original computers were dedicated
mainframes each designed separately with little compatibility
from one generation to the next. Today. the persoral com-
puter is highly modular. lavered, interfaced at each level. and
wr on. i a nearly standardized format now recognized o be

¢ PO clone. Presently, robots are one—uoff designs
wih virtoally no slndzrdzation This fesulls ip 3 costy tech-
nelogy which comservatively uses new lechnalogy snd may be

v =
the tow

obsolete before it goes to productien. Modulanty would do
much to reduce the level of cost (not initially) and would re-
duce the threat of obselescence (allowing rapid changeover in
favor of improved medute technologyy. Modularity can thrive
onlyv if the fult architecture which mvolves the miegration of
these modules is fully understood.

Finally. there is the question of investment. commitment.
and strategy o make the outlined architectural revolution m
the mechanical technotogies a reabity. Todav. we have stan-
dard measures of success for the ¢lectronics industry (chip
size. component density. algorithm benchmarks, cost of the
PC. etc.). Based on these measures. the industrial decision
maker can determine i his concern is cempetitive, 1f 1t is fall-
ing off the pace. and to some extent, what investment is re-
quired 1o maintain the concern’s competitive stance. In the
field of robotics. made up of one-off system designs. this de-
cision process has no meaning. Until the svstem is broken
down into measurable modules which can be integrated n
several sfandardized systems based on a e architecture (e,
as in the POy decision-makers will not be able 1o defend an
AgEressIve INVeSUTCRt stralegy of o measure their relative
success. Of course. a similar need exists o formulate and
support a national strategy to develop competitive technology
for manufacturing. In 1987, the United States lost S120 bik-
bon in manufaciunny trade due to aggressive national policies
i Japun. m Europe wspecially after 19923, and in the future
Russia. which has i place o S billion 3-vear plan for
manutucturing. Fundamentully. the United States has w create
a new level of excitement in ifs research institutions and to at-
tract the best vounyg minds to manufacturing. especially in the
high value-added technologies. This paper has been written to
show that a new emphasis on the mechanicals i now not only
necessary but 1t will be rewuarding and could be a major ingre-
dient in a new competitive pelicy for manufacturing tand
other applications), To take this process one step forward has
heen the purpose of this paper.
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:

Fhe picrpose of s ovesriew (s Lo pravide a balanced deseription of the presen! and felure
teetnnologies associated with roboties. An aecurate pereeption of this ewmerging fechnology is
essobial of decision nralers are to commit the proper vesourees Hehoratory, kumen capital, and
cetetopurent) to move the techinology foreard more rapidiy and efficiontly. Presently, i fs
condbended that too maell emphasis has been placed ow singutar component {echrolipies and not
s strategie viewe of the system techuologies and hew a fudicions integration of ol of the
compoient Lochonotogies con achiere resudls which are ot yel forthcoming in roboties. The
crovinans growth o in our compater feehnologies suggests that an arehitectioond perspeetive for
development of vabotics wandd provide quidance to the lechnieal copintiitity so that they can
terrget rewarding research more effeetively. For this reason, o condensed sersion of a fifth
gencritlion concept of vobofics and ils potential application rangre ix prescided o oorder Lo
nuderstand better today's existing teelielogy. Then cach nujor tapic is orervvicwed with o
Listing of its associaled component technologics. o Fighiight of what their level of lechnoloyy ix
lodeys and o brvef forecast of what that level might be in 10, 20, or 30 years.

faza L*Wmmeum

ROBOT TECHNOLOGY TODAY

:
ubotics today 1s dominated by industrial applica-
tions where shnple, repotitive tasks are per-
fermed reliably at relatively low cost. Maost of
thuse tasks are transfer operations moving prod-

ucts between machines which have specialized characieristics

o produce htph value in the product. The principsl atiribute

whay s robwt wstalistions s thelr long e (20000 5 5 the
mormt The meed {or heph relahility Bas forced desigrers to

B conservative in the imegration of modern technologios.

Heace, the cguivalent of fly-by.wire technology in our ad-

vancod mrersfl s not reprosented by a similar technology of a

fully modeled and adaptively controlled dynamic system with
aggressive cornputer {or human) decision making for critical
operation of the technology at the highest possible level

It is frequently argued that industrial robots weigh too
much (some weigh more than 3000 1b), that they have poor
dexterity (they are almost incapable of obstacke avoidance),
that they reguire cosily supperting equipment igs, fhxtures,
feeding mechantoms, and oxtensive sngineering imegration
tine and costs), that they cannot adapt adeguately o changes
i their environment (only a very limited use of force sensors
and in some cases vision scnsors). that they cunnot respond fo

€ Copyright 198% American Society of Mechanical Engineers



provess parameters {foree disturbances cause deflections 20
s greater thas their basie reselution), and so on,

AH ol these contentions are vidud. By comparison to fan.
tastic growths in the technology tor airerafl, ¢, wicconununi-
caboms, and so on, robotics s a remarkably incomplete tech-
wology, much of 1 hardly changed from the technology
avanlable w T96S . Bven though we see the bighest quality of
posalion encoders. Bheir idegestion indo an architegture of ro-
botics v an alterthought The geometry of robots fooks cither
much hhe @ bphtweight sumercad control (NCY machine or a
humin arm which feaves much of the potential architecture of
these ~vatems untoiched or very poorly understood. Electric
pripe movers used in tese systems were desigaed primarify
ton much less deasandmg applications, henee, their high
wespht, poor rosponstveness, and fow adaptability . The archi-
tectuee of the compaiter contretlers wods o be that which was
frozen around (975 Certamly, computer technology is bemp
developed ondy mcidentadly for implementation in robotic sys-
teins

Fhe only conchsion can be that the state-of-the-art s far
belimd tevhime s development in other fickds, that an cpor-
s opporaunily for echeweal growth esisis, amd that an ag-
pressive natosal developmest progemn 18 not oaly dessrable
But casental o meet exssting and futore industrial and mide-
taty apphcations

CONCEPT OF AN ADVANCED ROBOT
TEOHNOLOGY

Phe comnvept of an advanced (fifth pencration) robotics tech
nobeps represends the full stegration of the most advinced
compruter tevhnolopy, tthe! supercomputer s with the most gen:
eral mecluuncal architecture (serald, parallel, modular, et} o
demensstrate an cleetromealty rghd systeny (samdlar o our Tat-
est I e aeratty capable of repecting process distur-
Bagwes moreal e whide producmyg high value -added prod-
wets cn demad This concept of an advanced robot as
cauralent W e Blth generaton robat system (1995 on) in
comparnon o the therd genetation {(real e dymamc muodel
releremee comtred, 9RO 1995 andd the Yourth generation
smodulariy an bath hardwase and sedvware, T985-HROY To.
sy, high value added operanons are schweved promartly
throuch the use of expensive, specudized and dedicated ma
chines such as NC machies, sutomatic screw iachines, wire
bondsng cgupment for microcucurs, and so on, where the
robot performs the low-vatued function of handling of parts
between these dedicated machines, By contrast, the fifthy gen-
eration robot woudd be o fully integrated and self-contained
penenc machine system capable of performing a wide spee-
trum of precision lght machining operations completely pro-
grammable by the designer of the product {shoes, clothes, ap-
phiances, ey amd fully respensive to the individual demands
of the miarketplace. This viston of robotics by Issac Asimav is
the heart of the factory of the future, vet i not only does not
exist, technicalreseurces e make it possible are either in
short supply or have not been concentrated in a sufficient cri-
real muss of eapertise o make 1t happen.

Beyvond the factery of the future there are applications of
eobotios te functions which invaelve hazards to humans such
d5 s onerations . operstions on the ocosn floor, ammuni-
1ok andiing seder chesuses! or biological aflsck, processing
i dangersus materials such ss gabum arsenide for sdvanecd
mucrocroint wehnology, nuclear roacior malnienance, and so
on In addivon specud applications of real value to society.

it

such as microsurgery. have yet to be dealt with even in the
research environment. The concept of the fifth gencration ro-
hot being suggesied here would lay the foundation to demon-
strate a science of intelligent machines sufficiently generad o
treat all of these diverse and rewarding appiications.

The following is a partial listing of applications which
would become feastble or would be dramatically sccelerated
by an apgressive development of a fitth generstion
technology:

nuclear reactor maintenance,

precision light machining,
micromanipulation at very small scales,
microsurpery,

ocean floor operitons,

space stalion operstions,

battiefichd operations,

50-g centrifuge robot,

rapid runway repair oven under attack,
remanufactire of military hardware such as jet engines.
airframes, and so on,

o walking muchines wnd cooperating robaots,
12 human sugmeniation {for the handicappud.

e

-~

TECHNICAL OIRJECTIVES OF AN ADVANCED
ROBOT TECHNOLOGY

Over the past severad decades, the electronics, computer sce-
ence, and software rescarch communities have mude major
strides forward 1 their technical depth especiadly enhanced by
strong pulls from the civil and defense sectors. The massive
technolugical growth in mecrockectronics goes without saving.
Emerging techaologies such as artificial intelligence (Al
computer architectures (neuronets, paraliel provessing, ),
simulation workstations, machine vision, and so on lead us 1©
conclude that now opportinibes exist o expand the system
technologies of robotics itsell. Nonetbeless, until we have
dedicated architectures tarpeted just to the exceptionadly com-
piex system of robotics, hittle will be achieved. For exampie,
cven though “expert systems”™ are being made avatlable 10 en-
hanee decision-making, that which will be required for robot-
s will face hundreds of computationally complex critena,
most of which are yet unknown. The reality of this class of
task is heightened f we ask that we achieve a prioritized de-
cision among these criteris 1n less than 30 ms.

By contrast, nwchanical technology has not kept pace
such that it is now perceived as a weak partner. Unforu-
naiely, the mission objective of intelligent machines will re-
quire & marriage of many of these technoiogics, including the
mechanical. Much of the mechanical design philosophy in the
United States derives from a period during which farm ma-
chinery, power plants, construction machinery, automobiles,
aplanes, jet eagines, and 50 on were brought to 2 high level
of development. Much of this design is performed 1n terms of
compartmentalized rules (the basis of an art and the opposite
of a science) which are based on nggative criteria fnoise,
wear, fatigue, instability, vibrations, mean time between fail-
ures, ete.}. On the other hand, the factory of the future de-
mrands the use of operational criteria associated with the qual-
#y of the praduct of the mnchine which unphes preciyion
{rarcty desll with bs @ fiest priority in the academic world).
The pasitive orerion of precision wmvolves the control of the
autput of the maching o specified wierances repardiess of the
disturbances generated by the operatton. To date, not s single
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rohot operates i terms of a real fime dynamic model based
on an accurate duscription of #s system parameters in order to
reyect disturhances {i.e. ., the concept of closed loop operation
found m fy-by wire atreraft). Furthermore, the negative de-
sign oriteria of failure in the operation of large machine struc-
tures of the past (textile machinery, battleficld materiel, ete)
have hittle o ofter for the design of precision microprocessing
cyuipment ol the seale sutable to microsurgery or microcis-
vings. Henee, redative 1o the fevel of techiical integration re-
guired to meet tutwre needs, o balanced seience of imntelligent
machines s being developed.

Fhe simplest sobotic architecture is a 6-degree-of-frecdom
(DO sertal systew {one Jink, one joint, one link, cto.). To
dite . two hasie geometries have cmerged. One s a structure
samlar e coorbinate axis (X-V-Z3 machine and the other is
sandar to @ haman ann. These simple structures are used be-
vatise they represent very fow design paramneters and are de-
sipied promandy by intuitive means. The general 6-DOF serial
subot system s deseribed by 18 geometne, 42 mass, 36 de-
tormration. and R control parameters (a otal of 114) and rep-
resents o design complexaty fur beyond the meuns of existing
eapertise n mdusory . Beyond the sental structure, there are
patithel structures (walkimg machines with four or more legs),
redundint SEUCIUTeS Baving eXCess prine mover inputs or ex-
coss deprees of freedom, maxdular structures 1o form systems
trom butlbing Blocks the way we now create compuater sys-
tems . ansd se on. Wiat dus means s that the desipn tech-
ridggices for mtost future robotic avsfems de not vet exist and
can anly be developed by a very aggressave rescarch programe.

Ssdurly . neindustrial robot operates in terms of a real
tune dyiatine el deseniption o close the toop relative
the process s performng, which may generate significant
disturbuances i the system. This means that precision light
puchisnmg operations such as drtfling, routing, mifling, and so
o canant be perfermed by reasonably sized generic robas (o
the feved of precksion reguired. Distoebances due to forees
equivalent o the specified fosd capacity of these robots can
cistiy cause a detiection 20 times as great as the ervor repre-
seted bty repeatabrhity (s e a 20 0 1 robot), The goal
miust Be o measuze these distrbances and 0 compensate for
the resuiting deformations Gn order 1o mgintan the desired
tevel of precisiont by means of a complete dynamic mode]
eviduated i dess than 10 ms (real time) by using the most
modem computational hardware and software. This class of
vontrol wotdd be equivalent w jeedforward compensation (a
technigue now Tound 1o the very best Japanese Hi-Fi equip-
wents amd o swhat iy meant by an electronicatly vigid robot

AW

RGLE OF ROBOTHOS IN THE FACTORY OF THE
FUTURE

Teday, the drive w0 establish the factory of the future has jed
0 vigorons development activity assoctated with CAD/CAM.
Unfunumastely, almost all of this activity 1s centered on the
use of a collection of dedicated machines each capable of a
buted sumboer of distinet eritical precision functions which
must be soquenced to create the fimished product. On the
ather hund, the fully integrated self-contatned intellipent ma-
chine wiuch s cupable of producisp broad chsses of guabsy
preducts Tl sesponseve o the imdividus] consumer does not
extst o oany foas e fact, the use of 30,0080 robots in the
USA 4t thes tune implies a penciration into the manufacturing

workplace of not more than | in 500, showing that robot im-
plementation is far below what it could be. This low level of
penctration may be due partially to the fact that cach of our
major firms (IBM, GE, GM, Westinghouse} made one robot
and then decided to purchase robots from outside vendors or
t¢ buy subsidiaries either in Japan, Evrope, or the USA, By
contrast, in Japun, each of the major manufacturing (irms (Hi-
tuchi, Mitsubishi, Fujitsu, ctc.) make their own robots. The
contention here is that US firnms do not have the necessary in-
house, balanced technical resources to remain competitive in
this leading edge technology and are leaving it to their eco-
aomic competitors. This lack of response o the threat of the
rrade deficit, exceeding $120 billion in value-udded producis,
is at the heart of the present proposal. The goal is o employ
existing component techoologies (the supercomputer, com-
puter vision, dipital control theory), enhance emcrging tech-
nofogies {expert systems, amificial intelligence, metrology,
mechanical architecture, computer architecture, CAD/CAM),
and fully integrate them by mcans of a balanced science for
intelligent machines. The superrobot would be the miost ag-
gressive demonstration of this objective.

BRIEF DESCRIPTION OF CURRENT ROBOTIC
TECHNOLOGILHES

Computer Control Systems

The computer acts to coordinate and balance all functional ac-
tivities 1n the robol. Increasingly, these functions are nonde-
terministic and may represent widely varying choices fo meat
task requitements. These task reguirements may e denved
from on-line access o a data base or they might come di-
rectly from buman mtervention. Some task requirements will
require global task planning while others will require meeting
precision mmuotion specifications while being impacted by sig-
nificant internal or external disturbances. Because of the
highly nonbincar and highiy coupled nature of the mechanioal
structure, feedforward modeling 1y essential to inteprate high
level sensory information in order to compensate for detiec-
tions, o avord obstacles, to perform muitiple arm tasks, and
so on. Hence, computer hardware and software are at the
heart of the operation of ali robotic sviems.

tHicrarchicad Control Systems

Beeause there are numerous fayers of functional activity (sen-
sors, actuators, and end-effectors, localized disturbance rejec-
tion, seasor data inlegration. etc.), it becomes essential to
create a formalism 1o structure decision making and control,
that is, hierarchical control. At least a decade of activity at
the MNational Institute of Standards and Technology (formerly
the NBS) has resulted in a modular, layered. parameterized
format to prescnbe interaction above, below, and within cach
layer with assignable fime constants. These layers may be in
paratiel or in series, depending on the larger system architee-
ture. Their interfaces are weil defined and standardized.

Forecast. This technology will be deseribaed in s fully
adaptable mathematical structure within the next decade.
Majer hardware dedicated o this herarchicsl control structure
witl beeoime standardized with various levels of compleddny.
Finally, within 2 decades, an interacidve software will be
avzilable o parameterize all levels i e strucivre o meot
specific architectural and tusk requirements.
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Machine Intelligence

Fadin "s rabot controllers have faiked o keep pace with the
raprd development of computer weehnology. Frequently . man-
ufacturers have speat extensive resources 1o develop one-off
vorttodicrs that were reliable but technically out-of-date or ob-
sefcte, making wdvanced software implementation impossible.
Phis snc-off approach has drnmatcally mited growth in ro-
babios everall These systems are not adaptable and respond
o Lash chanpes pomtly. They do not learn the way people do.
Phey caunet draw analegies. Trereasingly . the growth of com.
pattey archntectuse supgests thit this class of adaptabiluy will
eventuath be feasible for robote svsiems.

Reasoning /inference. Machine inteHigence is founded
e snlerence, the abnhity to deduce a fact not explicitly stated.
By tehing advantage of a computer’s ability w wiake an
mlerence, wo can retrieve informiation that was only wapiicitly
stored by data basks. The machine must have stored both a
tule ol mderence and the dita on which o apply the rule.

Phaes miterence strocture s centesd o machione intelligeace: the
abibiny to dignose w system Fault, plan a course of action, or
crevite an action. lnagine bundreds of rules arranged o
decisron tree. Hewnstically, no optimum path through the tree
vttt e evpected: vet o desirable or appropriate solution can be
avineved Rules can be derived from i data base, a
Lonowledye base, o they can be obtaned by “learmed ™
vapeTicaee i operating the system.

Forceast, Fhe growth of higher speed (50 mips) muiiple
and paratel processiap architectres suggests that degision
trees will be structured 1o "match” the processor arcliteciure
sl vicd sersa Modubangy i hasdwane, software, rales, and
tterbaces will be she hey s This chiss of technology will be
cadremeds demanding and may regare a Tull 3 decades o
reach mstargy

Semsory perception. The sensory system monitors the
tobot and provedes feedback information on the state of the
civionment and e robot stself The tnk of the sensory
sxtent i o deat with predctve, imcomplete, and contlicting
imlornutson. Lo predict a fature state can only be achieved in
ersns of o carctally lormulated model reference of the system
wd s operation The obuuned data miay be excessive,
imprevise. oF meompleie, vet o mast be reduced and
mterpreted for use by the decision-making part of the sysiem
It will be ancreaningly common 1o have confhicting data from
e sensors whose resolution mto a balanced data set is called
sesor fusion

Forecast. Increasingly, sensars will be implemented at
the microchy level with on-board integration of signal
aphification, analog to digital conversiun. lincarization, data
reduction, threshalding, and so on on the chip. A recent chip
accelerameter provides a fuctor 25 times the sensitivity of a
typrcal prezo-resistive dovice. Standarddzation of field
conneciions, software interfaces, and so on will be necossary
o aceelerate i development. The geoal 1s 1o make sensors as
mevpensive and Hightweight as computer chips, which are
thew o be apphicd in excess to the robot structure and to fuse
them into an adaptable hierarchical feedback system.

Roftwire sysfems

Hobnin systoms pose afl the current chullenges known o
computer stience, They must operge across multipls hetero-
geno compuicr sysiems i a distributed and paralie! fashe
. They must contain sophisticated data bases and world

models that are updated in read time from severad sources
while they continue 10 be ased for mission-oriented perfor-
nrance, and so on. Robotic systems are stretching the state-of-
the-art in software and they make excellent test beds for new
developments,

Ohject oriented systems. In traditional software
systems, programs were active but the software itself was
passive. The ranpge of tasks that might fuce a robot sysicin
suggests that the software be actively adaptabie. Object-
oriented data systems are just o fiest step in reaching this level
of flexibility. Clearly, the new rype of data will require new
ohject or task language systems.

Farecast. Parallc! architectures will make a new
paradipm for software development feasible. Integration of the
hardware and software development process as an entity will
become a reality. The designer-user will develop software that
provides muluple haks among defined types of information
and various levels and location in the stracture. This
voncurrent designer-user approach may likely require a full 3
decades to mature.

Intelligent data systems. The principal objective is o
dowcument gccurately all essential characteristics of the
vperating environment of the robot in a “workd model™. Thix
tvpe of data is increasingly becoming available in terrain
maps, nuciear plant models, chemical plant models, and so
on. A related issue s the tegration of multiple data bases
imto a single distributed mformation system (the retrieval of
required data, s updating, s deletion, ete.)

Forecast, World model development will continuousty
regaire aucntion. Significant progress is being made.
Unforunately, as the data become more extensive, retrieval
and update techmigques will becomie serious techmical
developments. First fevel world models should be available
within the decade. Procedures for their eflicient utilization
and awtomated modernization will require another decade.

Software. Clearly softwiare is the basis for decision-
nuaking within the robot structure. 1t must be fast, reliable,
reduiddant, fault tolerant. modalbar, layered, and se on.
Software can not be developed independently of the operating
system 1t s to run on. Testing and qualification is emerging
45 @ Major isue.

Forecast. Not only will the integration software and
operating software become concurrent, but the architecture of
tie mechanical structure will be developed concurrently with
the software architecture. This level of integration will require
a form of imterdisciplinary action largely missing today.
Hence, complete architectural development is expecied to
require a full 3 decades.

Computer Architeciure

The pervasive need {and benchmarking) for speed in computa-
tion is driving computer architecture today. Only recently
have valid new architectures {multiple processors) become
available. It is predicted that, in 1989, a 32 processor archi-
tecture {each capable of 50 mips) will become available. This
massive development will have an enormous hmpact not only
on robot operation but also on robot design,

Forecast. Systems of bhundreds of processors {sach of 10
mips or gresterd will be svailablé at ressonable cost within the
decade, Systerns of this cluss will be hardened, portable, and
relatively low cost within 2 decades. Design in teoms of
hundreds of parameters will become feasible, thus

Tesar: Thirty-Year Forecast: The Concept of a Fifth Generation of Robotics—The Super Robot
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dramatically increasing the available generality of robotic
Sysler

Commnientions

Commuomeation ansondehes will plague robatic system inte-
prates pond the development and acceptiance of appropriste
stamdards Complex rohotic apphostions widl be expected w
pevsale and organize imformation from handreds of computa-
tonal sources. Buat communication technology is evolving
Yusck Iy to et the needs for greater specds and capacity in
voarmnecsten clunnels, makiog standardization elusive. Re-
balniny and redinudaney are entical design Buctors for robotie
svsteis that wilt operate semately or ta battle, Conununica-
ot st iaces span bighidy and Joosely coupded systems,
prew more challenping with inercased complexity and muh;
phosy of computer o the robotic system, and are even muore
haliengieg i thie nuldary arena of hazardous environments,
et operation, and criticad fuschionalily without break-
down

Farcoast, Unless aomajor mdustrial or federal body
niersenes o establisho conmumications standards, the present
dithoults mopterfaces will prow worse in orelative terms.

SENSOR SYSTEMS

Phe sensory sustea has the sunply stated job of sensing the
convironrent, and proveding Tdata” o the computer controd
sostenn The tvpe of data regsired, the difficubty of conversing
Hbom dat as sensed (herpe amonnts of data) o digested
aned paable data for the contro systent, s @ fuaction of the
vomplesty of the tsk o be pertarmed, und the robet itself
o tor exanaple the task of the sensory system 1o bet the
vonttal know wlhere the components ol the robot actualty are
P soree phaneed docationy Boss abse the task of the sensory
sistent feosense the environsment. Fhis fatter task can grow al-
most ambmtely complex based on twre fask for the robot and
the enveomnwnt hegme, for examiple, the difference in re-
CEUTCRRTL For L sensory sysicis on a robot which s welding
cur bodios s fived location o the factory, versus the mobiie
barieficld robot wheeh s refuchng trucks, or unloading am-
tmumion under adverse condiions in s war zone.

Foree and Position Sensing
y

Increasingly, the robotics community is relying on low levet
sensiig fpostion errors measured through vision, range find-
M. vapailanee, aooustics, 1), What is really needed are
heghier fevels of wiormation (force, velocities, aceelerations,
jerhs, et b which are higher order properties in the moded ref-
ervney which, when integrated {in resl time}, can be used to
predict the condition of the system at the lower level and
therefare compensate for # directly through feedforward com-
mands o the comtrol system . Sensor fusion at this higher
fesel can vndy occur if the madel (or plant description} is
avisiabis at that lovel in real time.

Forceast. As described above, distributed chip scaled
sersary wath onchoard inteligence ure now being developed.
Thew desviopment w hugher order signals fvelocity,
sveleranon, rerk, shotk. selected harmonics . ete.) will ocgyr
st this duecade  buegration inig the archiecture of the robot
syt nd s decision-making software will require another

devade

Imaging Sensors

An imaging sensor capturcs an artay of data. Bach locition in
the array represents an individual senxor value. Each value in
the array of a TV image might represent a gray scale value,
representing the fipht retlected towand the camers. The signad
may be derived from temperature, richation, sonar, force (lac-
tile), polential ficlds tmagnetismd, and so on, Image process-
my can be divided into two forms: low level without scene
Knowledge and high level, wiich benefits from advanced
knowledge of the scene. Obviously, this processing imphies
specialized computer hardware and seftware. This is an iien-
sive field of activity at the present time,

Forecast. Success i the next decade will be highly
dependent on forcknowledpe of the scene as might come from
a workd model. Aggressive image analysis technology
development will be required if significant progress in the
seeond decade is to ovcuy without scene knowledpe. Finally,
real time anabysis will probably go into the tard decade.

mmage and Specel Understanding Systems

Significant breakthroughs in understanding software will be
required before a robot can be provided with capabilities ¢ven
eemutely matching those of o haman in general adaptabiliny
and applicability. These necded breakthroughs are centered in
the field of Al Thus representation, memory size, and speed-
ol -search are alt obstacles to current systemic capabilities.
Presently, machine vision 18 being used in factory mspoctions
and speech recogniton systems are increasingdy useful for ha-
man machipe interfices,

Forecast, The next decade will see continucd progress on
signal analbysis in digstal torm wath differencing relative o
world models, a real possibility in machive vison. Specch
understanding shoubd be seccessful in a digial format i ths
decade. Equivalent analop scene evaluation in the human
sense will evade researchers for the next two decades.

Other Sensors

In the fulure, excess of sensor information is almost certain.
These data must be reduced w0 a mmimal number of key re-
quircments for system response. Today, rabots are highly de-
terministic, except in their ability w respond to global provess
requirements. b is contended here that future mechanical ar-
chitectures must be designed to absorh the reduced commands
obtained from- a broad range of sensors. If not, then advances
i sensor technology will have no outlet. This includes the
concept of adaptive control but it also means that the geomet-
ric character (distributed degrees of frecdom at several scales)
of the structure must match the hierarchical natwre of the sen-
SOr system.

Forecast. This decade wili show that the mechanical and
electrical disciplines will have to match their input-cutpus
architectures in order that process paramefers are responded to
by the robot system.

ACTUATION SYSTEMS '

The actustion systers here imphies the mechanicsl structure.
sncluding prime movers, ks, besrings, and so on, which is
capable of performing physical wsks, Usually, dus svsiem is
thought of as a manipulator. It may have onty | degrec-of-
freedom (DOF), or it may have as many as 20 DOF. It may
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be senal tone Ink. one peint, o Bek, ete ), it may be paral-
lel ke o fepged platform of several identical leps), or it may
be a hybrid of these, The main objective of the sctuation sys-
ten s e accurately transform a computer command signal
mto a physieat operation, such ax motion, foree, or any com-
bination of moton and force,

Stractural Geometrey

An archirectural s s the bakance of serial and parallel me-
Viiameal structures. Almost every exasting robol is serial. Yet
prevision cosrol i biological systems are almost always par-
aflel cthe extraondanary precision of the motion of the human
ever TThe Stewart platfory (represented by the Link trainer
tor prtostsd s one of ol amplest paralled systems, and # has
attnibates completely differest Goad capacity, stitfness, dis-
mibutesdt crrer nstead of accomulited erros, ete.d from serial
structieres thegh dexterity, simple assciobly, compactness,

vt 1 What b necded i a set of architectural rules which al-
fow the dosigner the best nux of seral and parallel structures
bor 46 F2DOE systems, and beyvond depending on what
the ssstem apphiestion range is itended o be.

One of the most demanding operationsd tasks faced by
the toboties COFHIHHY 1S (H PrCCIsion Indenwhon of two {or
srote) simvdae tor dessiilary arms. Walking machines can be
maede up ot fwo three, Tour, or wore mteracting legs, Hands
with mudnple fingers are being considercd . In repair opera-
tons fospectaty mospice amd i micresurgery), there will be
the reed Tor disd ami operation (6 degrees of freedom cach).
Buswadiv, the system represents an excess of inputs (say five)
Frome o torad 12 degrees of Trecdom (OB which altows for a
prevision DO neraction between the end cetfectors. Then
afl operational critenia must now be satistied by internally bal-
apcing o ot ol 12 mpots agamst 7 mdependent outpots.
Fhis batance oy wv oveur wread fime and cssentially means
aptetsdwn o HEms. Many clissical optimization problemns
of s maeniude 1ake hours of compater time. Yet a strategy
mest be developed toomect tis operationad aeed o duat arm
svives sl not be able to perform many functions they are
v bemy consadered for

Forecast, One of the most demanding aspects of existing
Bty devaees s their spectalized nature 1o meet speciatized
nevids. This fogh level of specralization mskes for a large
vollection of umigue control systems making more interfaces
accessary and making these mterfuces incompatible. Heace, 4
gonenic mechamost architecture which resulis in fewer
spevtatized maschines which wre more flexible and adaptable
wonid reduce the nterface problems we pow experience in
oy factortes. Generno mechantcal systems will evolve as a
meanmetul archiecture during the next decade.

Structitral Dyoamies

The dvnamic model of the robot s essential in order 1o com-
plete wts control svstem. This means that the complete dy-
namic desernption must be obtained in less than 30 ms and
preferabdy m 50 This is mercasingly possible on pipeline pro-
cessary teost today of $20.000) and should be available for
extremeby fow cost 30 vears from now. This means that the

contral go of mode] refercncing snd feedfoeward contrel

tihe opposite of feedback controly will soon be foasible, Feod-

Buck cun oo be capected Gy operaie inoroasingly more come-
phow sostems whaeh are highly nonbmear and coupled. Hence,
sepsar tecdbuck can only be used o correct the inaccuracies

of the feedforward maodel and the unmeasured disturbances in
the unit process faced by the system.

Off-line programming implics a complete numerical
awareness of the machine system including all geometrical,
mass, control, temperature, drift, deformation. and other pa-
rameters. Otherwise, the computer can not drive the system
except 1o mect the simplest of fuactioas (of tow value), With-
out compuier control, access to the data base s fost and the
factory of the future fails. Henee, off-line programming -
plies a level of metrology vintwally unrecognized by the com-
munity. This metrology will eventually have to be avaslable at
the worksite to identify new parameters introduced by repairs,
“tech mod,” or software changes. In the meantime, careful
luboratory deveiopment of robot metrodogy s essenttal to
characterize fully the state-of-the-art and project R&D require-
memnts into the future.

Forecast., The dynamic maodel for deformable robot
structures will become available on parallel computer
architectures in 5 ms sunplimg rates within this decade. A full
metrology technology will also evolve in this decade. The
adaptive control of these complex systerms will not mature
until the second decade.

Actuntion Mechanisms

The driver of the mechanical system s the prime mover (eleg-
trical, pneumatic, hydraubic, ¢1c.). This prime mover is m-
creasingly sophisticated electrie servo motors. Some ol these
are duect drve without gear redoction. Virtually no work has
been done in recent years on lightweight, stlf pear reduction
mechamsms. Another question just emerging involves the
number and distribution of actuators within the mechunicul
Strucruee,

Forecast. During this decade, mechanical manipulators
will be designed to contain an excess of mput prime movers
for inpwt control flexibility and redundancy, Their optimal
distribution wiil alse be a top research issue during tus
decade, Superconducting motors will become capable of
producing prime movers having 10 timey the power deosity
and virtwadly no heat loss, This step would have the same
impact on robotics as the transistor had on clectronies. BEvery
ol of interest such as adaptive control, maodel refereneing,
disturbance sejection, anet 5o on, would take on a much
higher fevel of relevance. This class of prime mover witl
become available i the second decade,

Manipulator Systems

It is increasingly possible 10 create seversl layers of conirol
(0.1%, 1%, 99%)} within the samg mechanical system with
separate task responstbilities associated with each level. The
targe scale would take on the global motion objectives npow
found in most rabots (which are geometrically extremely sim-
pte). The next faver down (1%} might take cure of deforma-
tions in the system doe to forces in the process work func-
tion, The next layer down (0.1%) might rake care of smatl
changes due o wmpoerature or electronic drift, and so on.
This kind of lavered architooture 15 very similar tiy that used
wr build ap software sysiems. Hence, matching these hierar-
chioal needs both in software and hardware 3 essentisl for fu-
ture cost-effective robo! systems, This iayering bs what is
mcant by making the system more responsive o sensor-based
commands.

Tesar: Thirty-Year Forecast: The Concept of o Fifth Generation of Robotics-—The Super Robeot
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he medularity of personal computers is now an aceepied
amd nevessary reality of computer architecture. Those system
wre favered with nearly standurdized interfaces and control
software. Such mwodularity 1 robotics has been pursued only
10 the woest elementary sense. A true architectuie, where local
prorites, scalimg issues . subsystem integration, and so on,
are alb mvolved, has yet w be dealt with, Such modutarity
and architecture is essential for the growth of the mechanical
welmologies, espectaily if their costs are 10 become more
competiive. Ty class of architecture allows a continuous
evaluation of the system while preventing obsolescence hy
making “tech mods™ feasible at the modular level without dis-
twrbing the systens.

Ulhmately, the suveess of an aggressive technology for
robatios will depend on cur abilay o design the system w
meet a browd vange of operational requirenwemtf in terms of an
vacess of 100 or mote avatlable system parameters (for 2 6-
DOE serral army, there would be 18 geometric, 42 mass, 36
dedormanon, ad 1R actuator parameters). Addressing all of
these parmneters simultancously would far exceed the compu-
tational capabilitics of the larpest of foreseeable computers.
Hlonce, o stratepy for design must be developed to break the
design process dawn e a serics of layers upon which imter-
actave iatervention by the destgner through simualation is pos-
sibte. Computer system designers complain that they have an
imcomplete stradegy for design. Constdering the level of archi-
ectune, systen definition, determinmisny, linearity, and so on,
whach exists for computers, it is not difficnlt o comprehend
the much more severe sk faced by the designer of robots
whick s g far dess developed technology,

Foreeast. Layesed control chaspe, small, and very small
actuitors dhstidnged throbghoeut o general mechanical
architectiere) will become available in this decade. Modular
tebots will become widely avalable in the second decade.
Fradly o foli design capacity will not be available until the
thand decinde.

Internal Decision Making and Conirol

Ax the mechamcal architecture becomes more flexible., tay-
ered. amd genenic, # alse becomes far less deterministic,
Huence, criterta wilk have 1o be developed which will inter-
aatly govern the systen 10 meet is operational requirements.
These entera will be associated with precision, load capacity,
redundincy, obstacte avoidance. internal force magnification,
and sooon. Easily 30 distinet critenia can be identified today.
Hence, these criteria will have to be balanced (fused) in real
Bne tn less than 30 ms). This high level of decision making
will be essential in all future robotic svstems. The criteria will
be based on @ full physical plant description (model refer.
encet. The mmplementation of this balanced decision-making
is the purest form of feedforward control. The level of com-
piexity implied would completely swamp any effort to achieve
this level of capability by feedback only. Feedback will be
used to sharpen the communds geacrated s a result of an in-
cempicte system model, by an incomplete sensing system, or
by un mcorrect balancing of the criteria.

Most robots are now used to perform low-valued func-
tons. These functions are primarily handling tasks and they
i bietle direct value 1o the product. They sre feasible in to-
dav’s wobnaology becasse the funchion condains almost no diy.
wwrhance. Imporiast fuscuons (deilling, routing, grinding,
force fi assembly, ete ) add high value o the product, but
they do contain lorce disturbances which reduce the precision
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of the robot due to large deflections. Hence, until we treat
this type of function directly without expensive supporting
Jigs and fixtures, we can not obtain the ievel of fexibility in
our increasingly batch mode manafacturing plants and we can
not achieve the level of returm on investment necessary 1o
drive the technology forward. This is why robotics today has
lost its acceptance in the broader community. The opportunity
in airframe mamnufacture, the military repair depots, space op-
crations, &nd 50 on, is cnormous. Yet the prosent rescarch
priorities in the USA will hardly get us there unless we redi-
rect ourselves (o the central problem of disturbance rejection
in the unit process,

Forecast. A full spectrum criteria-based decision-making
technology will not become available until the sceond decade.
The high-valued Hight machming robot will be available in the
factory in this decade. It will be available in the
remanufacturing cnvironment in the second decade.

Mobilily and Portability

For mobile robotic systems, no fixed base can be used as a
coordinate reference. This introduces signifwant navigation
and parametric location reguitements. Vision-controtied auto-
mohiles, hovering aireraft, racked vehicles, walking na-
chines (and combinations of these} can be used for SCIIry
duty for physical sccurity, materials handling, runway repair,
and weapons removal and demolition. Research problems in-
clude navigation and positional accuracy, stubility in rouph
terrain, teleoperation frons a stand-off position, and so on.

Forecast. Field operations in their first leve! of
technology will be available in this decade. More pencric and
vost-cffective systems will occur in the second decude. Space
mobile roving systems with multiple armnis will beconic
cffective in the second decade.

End-Effectors

Lnd-effectors are the twols attached to the end of the HLBHpU-
kutor to perform specialized funcuons such as welding. dritl-
ing. locking or unlocking bolt assemblies, and so on. Some
end-effectors are multipurpose devices in the smme sense that
the human hand is able 10 hold a hammer, screwdriver, of
other tool. All indications are that a new generic hand is re-
guired {o reduce the number of special toofs necessary o per-
form a range of unstructured tusks,

Forecast. A compact, computer-driven, multifingercd
hand will depend on compact localized prime movers and will
not be fully available untif the second decade.

HUMAN INTERFACE SYSTEMS

As these machines become more complex and increasingly
seif-contained in decision capability, the temptation is 1o as-
sume that the machine can be considered as autonomous. In
fact, what we can surely suggest is that human intervention
will be less frequent but, when it is required. it will occur ar
a higher level and therefore require a higher quality of inter.
face (visual, kinesthetic, veice, ete.) and that it will be in-
crensingly analog beonuse of the density of information flow
that will be reguired. Hence, as system techaology develops,
thers will be a greater need for man-machine interface —not
tess. This boundary should be moved slowly towards less fre-
guent interaction, but it should rarely be climinated crirely.
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Teleoperation

Phe reabity of unstructured tasks as might result in an acei-
deng, B other damiage, or from heman error. is that they
will teguare hunun judgement. These tasks must be carefully
eviduated o obting actual operating reguireneents, Until thes s
done. the actuad need tor weheoperation will not become clear,

Forecast, howal requve much of this decade 1o
docimnent acvuratehy usk specifications for robois in
unstroctured and hazardous tisks,

niversal Maooal Condroller

Past miaster shve sysiems used snanuad conteolblers witich
woere peomctnealls senlar to the shave tor divend manipuke
tor s micant tead g compromise botween thie fwo was the
result, Foday, at s feasible e develop a manual controller
which s completeiy different from the slave in size, geome-
ey L membwer of ROF, control parmmeters, and so on. This
meiens the sbine can be better optinmtsed o meet its functional
nevds whitle e controbler can bhe better designed o imterface
with the haman. O thes bases, the controller becomues univer-
salthat vt e able 1o dive any stave sy stens,

Sorne ol the desired attesbutes of the manual controller

BEAN

| HIGTACFUTU T
2 wempat,

i st able
Vooopanabde,
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Ko sl amnanem step {resolationy,

“ ansparcncy of force feedback signal

Forecwst, B possble o deselop s Hiest generation
sl toree sctlecting manual congofler within @ period of
AR TARIA

Operations] Controller Software

Foomabe o manaad controlier univerad requires that real-time
sty be developed o transforn: signals from te controlier
wito sty tul comnmand signalks to the sfave robot. Hf more
than one distnct skave as possible tsay there are several stand-
oft mantpulators) as would occur i space. then each combi-
Aabon wordd reqguire Hs own on-hodrd communications soft-
ware. This seftware must operate 1n real tine (10 ms). B
miast teansforme sl encoder, force, current, und other signals
o generie digrtat information about the state of the slave,
the controtler, or the interactive wishes of the eperator and
deselop commuand sigaals 1o the active elements of both con-
trodler amd the stuve. Since extra DOF may occur in both sys-
tems, crtenia based decision making will also be essential.
Ciearly. the daality of these transformasuons, the opportusity
for human interventon at all levels. and the mass of the in-
formution flow creates a complexity exceeding that of just
controlbing the slave robot alose. Doing so, however, makes
persanle changes in scale. Dilering of gross ermors or jtters,
rearsentation, reraferencng, force smoothing. and so on.
Sheouhd vme laps exist of 8.5 w0 2.0 o0 | o appears potsible
1 use sincotiung . projcied signals. and visual ghosiing o
mshe the dusiity sl work, Essentially, the system is two ro-
pofs communicating with cach other in real time,

TR R s e P IR o e

Initial prototype sofrware packages do oxist ina few re-
scarch laboratories. A mor effort would be reguired o de-
velop a portable and relinble software sysiem sich that one
controlier could drive any number (say 1) of distinetly dif-
ferent slaves,

Forecast, Software {or the umversal nwanual controtier ix
feasible but it will require most of the decade to deveiop o
systemn saitable for field deplovment.

ESSENTIAL RESEARCH ACTIVITY

The recommended rescarch would concentrate on the use of
the super computer to dramavcally accelerate the dovelopment
of a science of mtelhigent machines because of s supenior
computational capacity e freat the fell parumetric description
of 3 much more genceral chass of rabot structures. For exam-
ple, the masstve computationd resources of the supercompu-
ter makes t possible for the researcher 1o think much more
openly and freely of generie top down design and control
strategies which shoukd fead to a maximuny kevel of produc-
tvity of new ideas and techpology evaluated by complete
stmulations. This increased computational capacity will mesn
that the following can be addressed:

b Robot srchitecture. Future robots will be composed of
eastby scaled structural modules {eibows, kauckies.
shoulders, wrists, micro-manpulator, maed Turge and
small control structures, ete.) to provide finite packages
of proven wehnology 1o be rapidly assembled into pe-
nerie intelitzent machines

Redundant structures. Serial machines tspake-like sys-

tems) have excess iaputs for a very high level of dester-

Hy and obstacle avordance capability, but reguire a cor-

respondiagly high level of decision mal.ing inwhipence

to operate in real time (for enhanced precision, Toad ca-
pacity, speed, ete).

3 Optimal desipn. butial success in the use of optimiza
tion techiiques to the muli-paramcter multcriters
problem associated with robotics ks led o mproved
distribution of actuator parameters. This computationally
intensive effort st be expanded to include the full
range of design parameters think dimensions, mass dis-
tribution and deformation parameters. et )

4. Graphical simulation. In order to dusipn or operate
complex robotic structures, their full operational charac-
teristics must be on dispiay with great fidelity to the de-
signer as well as to the machine operator. Training
functions (similar 1o the Link aviation trainer) will be-
come increasingly unportant for surgeons (micro-sue-
gery), nuclear reactor maintenance, space slation apera-
tions, elc.

5. Operational software. Symbolic programiming can now
be applied to the complex analytical formulations re-
quired to completely describe the dynamic state of a ro-
bat and to form the basis for a generic opérational lan-
guage capable of off-line programming and disturbance
rejection. Proven formulations can be mbedded in dedi-
cated processors to provide hardened, very high speed
computations. -

& Senser Tusion. The sensor subsymiem must provide data
on the operaion of the robot and its interaction with the
environment. System seasors include Force, position, ve
tacity, acceleration. actuator currents, ote, Progess son-
sors inciude range finding {to obstacies or targeis), tac-

t
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tile, proximity, force, ete. Sensor fusion deals with the
reduction of all this conflicting, incomplete, fuzzy, ex-
cessive iffopmation into predictive state conmands for
the operation of the systent.

1. Computer architecture, The top down approech, made
feusible by the supercomputer, will make it possible to
develop specialized computer hardware and software
miodisles (arithmetics, atray processors, etc.) uniguely
sipted 10 mteHigent machines, In addition, a new gener-
atwn of peneric, modular, lavercd hardware controllers
bt be developed to maich the modular and layered
micchinical architecture that will be forthcoming.

K. Adaptive control. This represents the real time adjust-
et of the control parameters to best enhance the con-
troflabihity of the fully nonlincar nature of robot struc-
res. The dynamic model must include the first, second
camd some times thindy order geometric representations
of the system in order to account for the full cross-
couphng for mass, deformation, and drive system
chastaoterstes.

B Decision making. As the system becomes generalized
with more redusdancy (extra DOF), more kayers of con-
ol (for disturbance reduction), more modular (ethows,
shoubders, cte ) H will become more non-deterministic.
Henve, intonsive integration of Al principles will be re-
quired o batance hupdreds of criteria in real time {even
conthicting) s order to most cfficiently use excess sytem
resources to result in the best overall performance.

1 Machining robol, The heart of the factory of the future
will require mexpensive generic robots 1o perform preci-
ston it machinmg.operations by direct computer con-
wrob i order g have a maxinwm valuc-added benefit
and response to the individuad consumer. This requires
cotaplete dymantic and vibration model implemented
with feed-forward compensation ia real e to make the
systein electromically rigid.

P Metrology of robots, A semi-automatic means of iden-
tifveng all signtficant parameters in an existing robot.
Untortunately, to identify 114, or more, parameters is
an extremely demanding technical task. Limited para-
metne knowledge of the system redoces the potential for
computes-based operation.

£l Man-machine interface, As the fechnology becomes
more complex, a greater need {not less) will develop for
& bilanced control (or intervention) by man and ma-
chine, Thes will require a much higher level of machine
mtethgeace (o treat maoltiple staves, changes of scale,
error filienng, reorientation, time lags, ¢te.) to obtain
the full benefit of the technology for man.

13 Multiple arm systems. These paralliel machines include
dual arm robots, multi-fingered hands, walking ma-
chines, ete. frequently having an excess of 3 to 4 times
the numberof prime mover commands in order 1o
achicve the desired outpu! (usually 6 DOF spatial mo-
ton of the output link or object). This becomes the
most demanding problem for internal decision making
and software development facing the robotics research
CoOmmuRIty.

CONCLUSION

The craical issue facing designers of advanced robor archites-
tures 45 how o take advantage of advanced electronic technol-

ogy (encoders, arithmetic chips, high speed processor boards,
cic.) to produce generic and more versatile mechunicul robot
sirsctures at lower costs. Today, almost all robots e de-
signed one at a tie at exveptionaly high cost of resources
and time. Frequently, this level of investment induces the de-
signer to be conscrvative leading him to use only proven tech-
nologies—hence, his system is not only costly but frequently
obsolete and can not easily be redesigned when new technol-
ogy becomes availuble, The pressing need is to achieve an ar-
chitecture which can rapidly evolve in the same fashion as is
now feasible for personal computers. Hence, the community
must strive to create a stundard of technology for robotics in
the same sense that the personal computer {the HBM AT) has
become a standard for PC clones. This standard not only rap-
idly moves the wechnology forward but it also creates com-
mercial incentive 1o substantially reduce costs. The first level
of the technology nccessary for the PC is the continvously ad-
vancing computer chip. It is contended here that the equiva-
tent level for the robot is a universal and easily scaled {inite
set of actuator modules which can act as the foundation to an
casily scaled, assembled, mudti-layered, robot system which
will be achieved at dramaticaily lower costs and will also pro-
vide significantly improved performunce without long desipn-
to-market cyeles and the implied threat of obsolescence, Us-
ing the very best design {careflul balancing of parameters),
materials {rare carth magnets), environment (nitrogen cool-
g}, structural components (carbon {iber linky), etc., the po-
tential improvement {actor over present industrial robot prac-
tice can be shown 1o be between approximately 10° and 10%
This benefit ratic not only suggests that a revolution in me-
chanical technologics is feasible byt that it could maich the
excitement now associated with microelectromes.

The cconomic reality is that wealth gencration is 1/3 of
the GNP of the USA of which 2/3 is due 10 manufacturing.
Of this 2/3, 50% or more is mechanical in nature {shoes,
clothing, cameras, industrial machine tools, etc., excluding
major sectors such as aircraft and vehicles), primarily in the
ctvil sector. Yet industry invests less than 5.5% of its R&D
and its technical manpower to meet this need. The federal
government invests less than 0.6% (these numbers are based
on 198486 NSF data), These muyjor imbalances continue o
weaken our civil sector and allow penetration into our home
markets by other strong civil sectors such as Japan and Ger-
many and, in the future, France and Russia.

Henee, the technical community (especially mechanical
engineering} must create some new excitement not only to
gamer more R&D investment from the federal government
and 10 encourage more vigorous commercialization but it must
atiract into the field the bright young people who wish to
make our manufacturing industry competitive with the best
anywhere. Overall, the poal is to break with the past in com-
partmentalized design of mechanical systems, to create a low
cost system of the same architectural level as a personal com-
puter, and to make robots much more responsive to the broad
range of applications where they are clearly needed. MR
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DESIGNING EQUIPMENT FOR REMOTE HANDLING:

LESSONS LEARNED FROM NUCLEAR TECHNOLOGY

- Satellite Services System Working Group
#22
Johnson Space Center
11/28-29/89

Dan Kuban
Oak Ridge National Laboratory



REMOTE HANDLING (RH) HAS MORE IMPACT ON THE
FACILITY DESIGN THAN ANY OTHER SINGLE CRITERION

&

DEVELOPMENT OF RH TECHNOLOGY
GUIDELINES FOR DESIGNING REMOTE EQUIPMENT
IMPACTS OF RH ON EQUIPMENT AND FACILITIES

RECOMMENDATIONS FOR ACHIEVING REMOTE SUCCESS



THE FIRST STEP IN THE DESIGN OF EQUIPMENT FOR
REMOTE HANDLING IS TO SELECT THE RH SYSTEM

THE CAPABILITIES AND LIMITATIONS OF THE RH SYSTEM MUST BE WELL UNDERSTOOD
BY THE EQUIPMENT DESIGNER.

o FOOTPRINT AND ENVELOPE

0 REACH CAPABILITIES AND MOTION RANGES

o  LIFTING CAPACITIES

0 FORCE REFLECTING CHARACTERISTICS

0  VIEWING/LIGHTING CAPABILITIES

0 INTERFACES



FOUR TYPES OF RH SYSTEMS HAVE BEEN USED IN THE PAST
TO PERFORM REMOTE MAINTENANCE/OPERATIONS

o CRANE/IMPACT WRENCH
o POWER ARMS
o  FORCE-REFLECTING, TELEOPERATED, MANIPULATOR ARMS

o  AUTOMATED DEVICES, E.G., ROBOTS

THIS PRESENTATION WILL CONCENTRATE ON THE TELEOPERATORS



CRANE/IMPACT WRENCHES WERE THE INITIAL
RH SYSTEMS USED BY THE NUCLEAR INDUSTRY

¥

CAPABLE OF PUTTING LARGE FORCES ON EQUIPMENT ITEMS
- NO FORCE FEEDBACK
- EQUIPMENT DESIGNED TO WITHSTAND HIGH LOADS

ONE DEGREE-OF-FREEDOM (UP/DOWN)
- ACCESSIBILITY MUST BE FROM ABOVE
- EQUIPMENT CANNOT BE STACKED VERTICALLY

- LARGE FLOOR SPACE REQUIRED

OPERATING EFFICIENCY IS VERY LOW

- UP TO 100 TIMES LONGER TASK TIME THAN TELEOPERATOR



POWER ARMS OFFERED SOME IMPROVEMENT
OVER CRANE/IMPACT WRENCHES

o  ADDITIONAL DEGREES—OF—FREBDOM IMPROVE OPERATOR EFFICIENCY
- ORDER OF MAGNITUDE IMPROVEMENT OVER CRANE/IMPACT WRENCHES
- STILL. AN:-ORDER OF MAGNITUDE WORSE THAN TELEOPERATORS

- ADDITIONAL DEXTERITY REQUIRES LESS FLOOR SPACE

o CAPABLE OF PUTTING LARGE, CONCENTRATED LOADS ON EQUIPMENT ITEMS
- NO FORCE FEEDBACK
- JOY STICK OPERATION

- EQUIPMENT DESIGNED FOR HIGH LOADS



ROBOTS HAVE LIMITED APPLICATION FOR
UNSTRUCTURED REMOTE ACTIVITIES

o  NO HUMAN OPERATOR TO ACCOMMODATE UNPLANNED EVENTS
o  RH ACTIVITIES ARE RARELY REPETITIVE

o A ROBOT BECOMES ANOTHER PIECE OF EQUIPMENT TO BE MAINTAINED



FORCE-REFLECTING TELEOPERATORS OFFER A SIGNIFICANT
IMPROVEMENT IN DEXTERITY AND VERSATILITY

EQUIPMENT DOES NOT HAVE TO BE OVER-DESIGNED TO TAKE ABUSE
- FORCE REFLECTION ALLOWS OPERATOR TO FEEL FORCES

- ALLOWS USE OF STANDARD OFF-THE-SHELF COMPONENTS

HUMAN CAPABILITIES ARE PROJECTED INTO THE REMOTE ENVIRONMENT
- UNPLANNED ACTIVITIES CAN BE PERFORMED

- SIGNIFICANT IMPROVEMENT IN OPERATOR EFFICIENCY

EQUIPMENT CAN BE POSITIONED EFFICIENTLY TO MINIMIZE SPACE/VOLUME
- EQUIPMENT CAN BE STACKED VERTICALLY AND STILL BE ACCESSIBLE TO RH

- MORE DELICATE EQUIPMENT BECOMES REMOTELY MAINTAINABLE



FORCE REFLECTION HAS BEEN SHOWN TO BE VERY
IMPORTANT FOR EFFECTIVE TELEOPERATIONS

o  LOWER FORCES ON EQUIPMENT (LESS DAMAGE)
o LESS MISTAKES

¢  LOWER TASK TIMES



TRANSPORTERS AND VIEWING ARE JUST AS
IMPORTANT AS THE TELEOPERATOR ITSELF

o

TV VIEWING ALONE DOUBLES TASK TIME
SHADOWS AND LIGHTING ARE MOST IMPORTANT DEPTH CUES

MORE TIME IS SPENT POSITIONING THE CAMERAS AND THE TELEOPERATOR THAN
PERFORMING THE TASK



DESIGNING FOR REMOTE MAINTENANCE

NO GADGETS PLEASE
- DEGRADES REMOTE MAINTENANCE

- INCREASES COMPLEXITY AND DECREASES RELIABILITY

ACCESSIBILITY WITH TELEOPERATOR
- W/O SPECIAL FIXTURES
- CLEAR TV VIEWS

~ MINIMUM DISTURBANCE TO ASSOCIATED EQUIPMENT

MODULAR COMPONENTS
- SIMPLE MOTIONS OF TELEOPERATOR

- LIFTING BAILS, GRIPS ON EQUIPMENT, CENTER OF GRAVITY LOCATED

i

BAILS WITHIN TV VIEWS
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DESIGNING FOR REMOTE MAINTENANCE (CONTINUED)

STORAGE SPACE
- SPARES OR REPLACEMENTS

- FLOOR SPACE ALWAYS PREMIUM

SIMPLE, SELF-ALIGNING INTERFACES
- SEQUENTIAL, TWO STAGE ALIGNMENT: GROSS AND PRECISION
- PRECISION ALIGNMENT: 2 MAX, SHORT TRAVEL

- REST POINTS, STABLE MOUNT W/O BOLTS

NO CLOSE TOLERANCES
- PARTS SHOULD FALL TOGETHER

- IF PRECISION REQUIRED USE SEQUENTIAL SHORT TRAVEL



, ORNL DWG. 80—-6843

LIFTING
BAIL

W

MODULE

GUIDE PINS

VERTICAL HANGER BRACKET




80-6842

OAK RIDGE NATIONAL LABORATORY

DATE MAY 1980

REMOTE HANDLING DATA SHEET

APP:

TITLE: VERTICAL GUIDE BRACKETS

REF DWG, X3E-[3463-6]

REV. | |




DESIGNING FOR REMOTE MAINTENANCE (CONTINUED)

NO LOOSE PARTS
MINIMIZE SPECIAL TOOLS

CONSIDER LIFETIME COSTS

STANDARDIZE FASTENERS AND CONNECTORS
- COMMERCIAL

- ONLY A FEW SIZES



79-6974
OAK RIDGE NATIONAL LABORATORY DATE MAY 1980
REMOTE HANDLING DATA SHEET APP:
TITLE: GUIDE PINS REF DWG.
REV. 2 |
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GOOD FASTENER DESIGN IS ESSENTIAL

ALL CAPTIVE (NO LOOSE PARTS)
NO SLOTS, INTERNAL SOCKETS

NONE LESS THAN 1/4 INCH

COARSE THREADS

HARDENED MATERIAL (17-4 PH)
GALLING RESISTANT (NITRONICS)
AVOID CROSS-THREADING

. ROOT LEAD, BLUNT START, ACME
FASTENERS STAY WITH MODULE
PERMANENT PART STRONGER

NO SNAP RINGS, COTTER PINS, ROLL PINS



ANSI BI8 2 2
HEX NUT CLASS
28 OR 38 THREAD
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SICKER STICK FOR
MSM REMOVAL

TYPE JT PERMANENT THREAD



ORNL-DWG B0O-68S5IRI

OPTIONAL SOCKET GUIDES

30°
|
"A'/2
STANDARD ANS! BI8.2.1
T | BOLT HEX HEAD SIZED
ﬂ” ; ;{’ TO MATCH THREAD
AS
REQUIRED
! =1
"B" —
S 'D._—-——.:m:ﬂw-'— R S -t"“:'&:w-gsz-*—: T s e — e e
PILOT LEAD
| f “E"x45
BOLT SIZE (#) Cll T £
I/2NC [3-2A% 050 040 | 0238 0.06
3/4NC10-2A 0.70 063 | 050 0.06
| NC 8—2A 0.90 085 0.50 0.12
[1/aNC7-2A" | 10 .07 063 | oIz

*A MINIMUM OF CLASS 2A THREADS ARE REQUIRED WITH
3A OPTIONAL .
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VIDEO OF TELEOPERATIONS
ON NUCLEAR HARDWARE



VIDEO OF TELEOPERATIONS
WITH SPACE HARDWARE



GRAPHIC MODELING IS A VERY
EFFECTIVE TOOL FOR RH DESIGN

CONCEPTUAL DESIGN TOOL
WHAT-IF DESIGN ANALYSIS
ACCESS AND REACH ASSESSMENTS
INTERFERENCE CHECKS
OPERATIONAL SIMULATION

NO CRITICAL FEATURE VERIFICATION



VIDEO OF TELEOPERATION
USING GRAPHIC SIMULATION



REMOTE HANDLING HAS A MAJOR IMPACT ON THE MISSION

EQUIPMENT IS LARGER, HEAVIER, MORE EXPENSIVE

TYPICAL TASKS TAKE 8 TIMES LONGER

RETROFITTING IS EXPENSIVE TO IMPOSSIBLE

HISTORICAL FAILURES FROM DEFICIENCIES

RECOVERY FROM UNEXPECTED FAILURES THE BIGGEST PAYBACK

TECHNOLOGY/EXPERIENCE GAP BETWEEN EQUIPMENT DESIGNERS AND RH
ENGINEERS



THE 40 YEAR HISTORY OF RH OFFERS SOME ADVISE

MANDATE RH REQUIREMENTS SHARE EQUAL STATUS WITH OTHER REQUIREMENTS
DESIGN FOR RH FROM DAY 1

INTERACTION WITH OFFICERS IS ESSENTIAL

GRAPHIC MODELLING FOR "WHAT-IFS"

CRITICAL FEATURES MUST BE VERIFIED ON PROTOTYPE MOCKUPS

TEACHING, CONTROLLING, REVIEWING, COORDINATING MULTIPLE INDUSTRIAL
PARTICIPANTS WILL BE BIGGEST CHALLENGE



SEVERAL KEY ACTIVITIES ARE NEEDED FOR A
SUCCESSFUL REMOTE PROJECT

SELECT AND ENFORCE RH PHILOSOPHY
SELECT RH SYSTEM

DEVELOP RH DESIGN GUIDE

PREPARE RH INTEGRATION PLAN

PREPARE RH MOCKUP/DEMO PLAN



DESIGNING REMOTELY SERVICEABLE SATELLITES IS A NEW CHALLENGE
FOR TELEOPERATORS, BUT BY RUTHLESSLY IMPLEMENTING SOME KEY
STRATEGIES, SUCCESSFUL RH CAN BE ACHIEVED.



